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Constraints from ete™ - ZH

2.5,
2.0t

M. McCullough 1312.3322

O(30%) precision achievable, at 5 ab*-1 for an 0.5!
unpolarized e+e- machine, with some assumptions that 250 300 350 400 450 50
we will break down in the next few slides; \/; [GeV]
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Constraints from ete™ —» ZH : discussion

Hard to achieve single O, operator from
UV point of view;

To gain knowledge about the O in
presence of other operators one needs
to include more observables;
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Constraints from ete™ —» ZH : discussion

100t TLEP240+350GeV I

— S_0.4%, 659-19%| | Hard to achieve single O, operator from
UV point of view;
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S ‘ \\\ \\ to include more observables;
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Taking the simplest extension of the SM:

SM+1 singlet O, and Oq4 are simultaneously generated, can be translated into

&, and 6, here;*

One can use the e*e™ —» ZH cross section at different center of mass energy

to constrain the Higgs trilinear coupling.
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Constraints from ete™ —» ZH : discussion

100} Togp20+3s00ev _I 52400 4%, 59-1%| | Hard to achieve single O4 operator from
UV point of view;
50 ‘HL—LHC
B nCiTey \ \\ To gain knowledge about the O in
§ 0 ILCITeV-LU . "‘"“' rs one needs
& | How many more do we need to include to *I:es;
robustly extract trilinear Higgs couplings from
=50 this process?
M. McCulloug
-100 | In particular, we are extracting loop-level
-1.5 =10 -0.5] corrections from SM corrections on a tree-
level process; any imprecise determination of

Taking the Simplelﬂer BSM contributions could spoil this.
SM+1 singlet O, and Oq4 are simultaneously generated, can be translated into
&, and 6, here;*

One can use the e*e™ —» ZH cross section at different center of mass energy
to constrain the Higgs trilinear coupling.
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Constraints from ete™ — ZH : dis

100} 11 £p240+350Ger l ' —
TLEP240+350GeV — 63,4'3:0.4%, 63_5‘):1% H ar
uv
50 pL-Lic . e B = N
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& ‘ How many more do we nyﬁ“ 1 |
robustly extract trilinea
=50 this process?
M. McCulloug
—100} | | In particular, we are extracting loop-level
-1.5 -1.0 -0.5{ corrections from SM corrections on a tree-
level process; any imprecise determination of

Taking the Simp|e|£er BSM contributions could spoil this.
SM+1 singlet O, and Og4 are simultaneously generated, can be translated into
&, and 6, here;*

One can use the e*e™ —» ZH cross section at different center of mass energy
to constrain the Higgs trilinear coupling.
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more operators

How many more do we
need to include to
robustly extract
trilinear Higgs
couplings from this
process?

EFT is a nice framework to address this issue:
a) model blind”;

b) Can relate different measurements at different
scales and observables, allowing a more
consistent/transparent treatment beyond Higgs
observables;
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more operators

How many more do we
need to include to
robustly extract
trilinear Higgs
couplings from this
process?

Oww = g*|H|* W, W
Opp = ¢*|H|* B, B
Owp = gg’HTJ“HWﬁ‘UBW
On = %(QULH ?)?

Or = 3(H'D,H)?
oW = (iH'62 D, H)(Liy*o°Ly)
0P = (Lyuo®Ly)(Lyto®Ly)
0% = (iH'D,H)(Lry"Ly)
0%, = (iH'D,H)(Ery"er)

EFT is a nice framework to address this issue:

a) model blind”;

b) Can relate different measurements at different

scales and observables, allowing a more
consistent/transparent treatment beyond Higgs

observables;

Oww s
Osp & I N. Craig, M. Farina,
Ows m | M. McCullough, M.
Perelstein,
On 1411.0676
or il
OL(3)I I
O® e |
O inlu—
O’ plumm
0 5 10 15 20 25
A/Vce; (TeV)

9 tree-level CP even dimension-6 operators contributing at linear level;
and more if we include some of the SM input parameter uncertainties;

Angular asymmetries help probe these operators, see N. Craig, J. Gu, ZL, K. Wang, 1512.06877



http://arxiv.org/abs/arXiv:1411.0676
http://arxiv.org/abs/arXiv:1512.06877

Higgs fit *without* trilinear, see Durieux, Grojean, Gu, Wang, 1704.02333,
more operators Jiayin Gu's talk next , and with trilinear + more observables, +ZL , S. Di
Vita, G. Ranico, M. Riembau; T.-Vantalon, 1711.03978

I 24(]( eV (5/ab) + JJ(J( (—IV 12(1(1 fb)

240GeV (5/ab) + 350GeV (1.5/ab)

0.020¢ 12-parameter fit including &k,
solud shade 11—paramelar fit with &x;=0

0.015¢

zz;wh.lilnh

6k 10° 6Cz C€zz €z €, J/107Cz,/10 E"gg oy, Oy, Oy, /10 Az

precision

« The impact of adding the new d.o.f. of Higgs trilinear modifications is quite
sizable;

« Strong correlations between the trilinear modification and the parameter (hZZ
shifting); already seen in the simplest example for the singlet extension;

» Sizable reduction in other ""coupled” coefficients;
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More observables (that are sensitive to Higgs trilinear)

linear dependences of observables to parameters dk,, 6cz, ¢77, Cza

R ﬁ
K (SC/" Czz Czo/|
(x500) i

_2 M | P | N | P | | .
Oﬁczm GeV Oﬁgo GeV Gf‘l.,—,theV UE%OnGeV 7 Mww
New probes:

Cross sections at different c.o.m. energies, 240 GeV & 350 GeV ;
Different production processes, ZH & WW-fusion;
Decay processes, WW" and ZZ;

C, linear dependence on trilinear modifications
G. Degrassi, P. Giardino, F. Maltoni, D. Pagani,

G | zz [ ww | o | e |SF 1607.04251

on-shell A decay | 0.0083 | 0.0073 | 0.0049 | 0.0066 | 0 ®



http://arxiv.org/abs/arXiv:1607.04251

More observables (that are sensitive to Higgs trilinear)

linear dependences of observables to parameters dk,, 6cz, ¢77, Cza

| Threshold m n m
:[\enhancement 5(,\ OC; Czz Czo]

(x500) j

240 GeV 350 GeV 40 GeV 350 GeV
Oﬁz Ohz a; a

vvh vvh

New probes:

Cross sections at different c.o.m. energies, 240 GeV & 350 GeV ;
Different production processes, ZH & WW-fusion;

Decay processes, WW" and ZZ;

C, linear dependence on trilinear modifications
el | zz | ww | v | g9 |47 y G. Degrassi, P. Giardino, F. Maltoni, D. Pagani,

" on-shell A decay | 0.0083 | 0.0073 | 0.0049 | 0.0066 | 0 8 1607.04251
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Results

10+ =g Py -
o\ ‘1 —-=-=HL-LHC +240GeV(5/ab)+350GeV/(1.5/ab) | After profiling over the
. .:‘ .\ ........ HL—FHC +24QG€V(5/ab)+35068V(200fﬂ3) Other 12 (11) EFT
; . i 4 11 coefficients, we obtain the
o il | _ | Ax? distribution of the
o | \-\ [ :,-"' _ : Higgs trilinear coupling;
|| ISR | .‘.“ ______________ I _____ ' ' _______ l__.--_ __________________________________________ ]
\ I! f | | CEPC can determine the
2 ' '_'-.“\ 17/ | trilinear coupling to
"""""""""""" \J’f c ] 9% in this general EFT
0 R : L : . AP~ A , L . : . L . ) : 1 , A T ’
=2 0 2 4 6 8 framework, after
OK) combining with HL-LHC.
*pands corresponds to 0.1% to 1% systematic
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Results

HL-LAC +240GeV(5/ab)+350GeV(1.5/ab) ] After profiling over the
HL-LHC +2499¢Y(?/é?)+3506eV(200ffb) other 12 (11) EFT

' coefficients, we obtain the
| Ay? distribution of the
| Higgs trilinear coupling;

j CEPC can determine the

| trilinear coupling to

| *392in this general EFT

8 framework, after

combining with HL-LHC.

« Higgs precision improves the HL-LHC results on Higgs trilinear
coupling significantly;

« Complementary information in the Higgs precision program at 350

GeV c.o.m. further improves the results significantly;
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Results: 240 GeV and 350 GeV interplay

precision on ok, from EFT global fit

3.0
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optimistic

-
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_________________ I 240GeV (5/ab) + 350GeV (200/fb)
_____________ 240GeV (5/ab) + 350GeV (1.5/ab)
0.020 light shade: 12-parameter fit including 6k,
______ solid shade: 11-parameter fit with 5k,=0
0.015
5
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____________________ ‘S
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_ . _ *pands corresponds to 0.1% to 1% systematic
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Results: 240 GeV and 350 GeV interplay
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precision on ok, from EFT global fit
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Losocev (@b™") unpolanged

11/13/2018 Zhen Liu Higgs Fit @ CEP

0.005

8 10

Assuming that the instantaneous
luminosity of 350 GeV is V4 of 240
GeV run, one can find the optimal

running point for the Higgs
trilinear;

Similar practice can be done for

many others, physics goals need
to be chosen carefully.

240GeV (5/ab) + 350GeV (200/fb)
|l 240GeV (5/ab) + 350GeV (1.5/ab)

jht shade: 12-parameter fit including ék;
| solid shade: 11-parameter fit with 6k,=0

8ky10% 6¢z  Czz  €zo Ty l10E,10 T Oy. Oy, Oy Oy/10 Az

*pands corresponds to 0.1% to 1% systematic
uncertainties assumed for aTGCs



Results: complementarities
. bIOL.JndS.OU Iéfg frolm.ElF'Il' gllolballl flit .

I I ¢ I I 68%,95%CL bounds, lepton collider only

. 68%.95%CL bounds, combined with HL-LHC

XXX +XXX 8%
=300 +XXK 959

CL bounds (combined with HL-LHC)

#e=mb=t"""" a9, 95%CL bounds, 1h only (w/ HL-LHC 1h)

+1.04
. 240GeV(5/ab) only
+0.76
240GeV(5/ab)+350GeV(200/fb)
+1.59
+0.44
o 240GeV(5/ab)+350GeV(1.5/ab)
+0.9
+0.40
with zero aTGCs
+0.80
I.lJJII.I.I.I.iJJII.II.I.JIII.I.I.I.
-2 -1 0 1 2 3
— A3 _
6 (= =)
. - 2
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4 we define the 68% and 95°% C |  level:



A UV model does not span the whole EFT space...

Singlet extension of the SM T
Part | | SM+1 Singlet
6F  — CEPC 5ab™!
H =cosf h+sinf S sp ekl :
| — FCC-ece 10ab™" 7
_—
I |
3
2: 95% C.L.
1 ;' 68% C.L. |
0t; , . . . E
000 002 004 006 008  0.10
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A UV model does not span the whole EFT space...

Singlet extension of the SM

?1'
Part | L SM+1 Singlet
6l __ CEPC 5ab-"!
H =cos@ h+sin@ S sf — ILCFull

—— FCC—ee 10ab~!

1
More than Higgs wave- E E
function 3

renormalization .
05% C.L.

68% C.L. |
ol , | | | }
- co . 1 oo ~en o | 0.06 0.08 0.10
AL =500+ 50  with O = 5(8ﬂ|H*H|)2, O¢ = |HTH|3 sind)
L= Lsv+ %(aﬂsﬁ - %mgsﬂ — AsuyS(HH) - %/\SHSQ(HTH) _ %A583 - %)\38‘1



A UV model does not span the whole EFT space...

Singlet extension of the S

Part Il

Operators generated

at booth tree-level
and loop-level
(leading when Z2
present)

cH _ NS 6 _
A2_48m2 27 A2

cn _ Ay Cﬁ_(
5= "1 3|~
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T, .0
(&8 Ve !Irhh
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1
QmS

0. 0.1 Ismé| 15
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L
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0 cﬁ=p_case — CEPC 5ab™!
’ I
::: — [LC Full -
0.1 '
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5 ~
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A UV model does not span the whole EFT space...

. . : i siné -
Singlet extension of the S 0. 0.0 % ous B
e |
Part |l : ii: SM+1 Singlet
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1
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A UV model does not span the whole EFT space...

2HDM

2HDM TYPE-II

50

301
201

Tree-level results
through mixing and

10} coupling modifiers

tang

M 95%CL CEPC 5 fb™’
M 95%CL LHC 3000 fb™
M 95%CL LHC 300 fb™
B 95%CL LHC Run-I|

1t

0.5}

0.2}

01, , . . . . .
-0.1 0 0.1 0.2 0.3 0.4 0.5

cos(B-a)
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A UV model does not span the whole EFT space...

2HDM

2HDM TYPE-II
50f
ol Tree-level results
20| through mixing and
1o} coupling modifiers
5 L
- A Quantum Probe
c
,,(E 21 B 95%CL CEPC 5 fb™! CEPC can also probe new particles
interacting via the “Higgs force”
1f purely through their quantum effects
M 95%CL LHC 300 fb™
0.5¢ 6L = —Ng|H|?|B[?
0.2l Implications for:
* Baryogenesis
01, : , , . . . » Hierarchy problem
-0.1 0 0.1 0.2 0.3 0.4 0.5 . Dark Matter
cos(B-a)
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2HDM

A UV model does not span the whole EF T space

Alignment-limit 2HDM one-loop correction,type-Ii
20
151
0 2y _
ol N 95%CL, Sqrt(Av°) = 100 GeV
2
mi2
5| Sqrt(Av?) = Sqrt(mg? - )
Sp Cp
‘l oo o0
@
= g R
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0.5 .
0.2} v )
- .
-
0'125 500 1000 1500 2000
me(m_o=ma=m,:, GeV)
- ( €] //F-H'“‘\ \
:‘;,' /"H"““ f/ \'\
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\
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A UV model does not span the whole EFT space...

2HDM

15
10

tang

Alignment-limit 2HDM one-loop correction,type-I|

——095%CL, SqriAvZ)= 0 GeV

—95%CL, Sqrt(AvZ) = 100 GeV

—95%CL, Sqrt(AvZ) = 300 GeV

=500 GeV
2

95%CL

Sqrt(Av?) = Sqrt(mg? - m2
Spep

)

500 1000 1500 2000




A UV model does not span the whole EFT space...

Patterns of strong dynamics, R. Rattazzi, D. Liu, et al.

Oy | Ow | O | Ogw | O | OB | Ocga | Oy, | Oy, | Oy | Osw
2
ALH | ¢2 | 1 1 1 1 1 1 g | ¢ | ¢? &>
p 2 5
2 y y 2 2 2
2 2 2 2 2
2 gi g% yt yt 2 2 2 Q
SILH || g: 1 D | t67 | T62 | T6r2 | Tea2 | 9% | 9% | 9% | 162
95%CL bound of the 12—parameter fit in SILH' basis
o|l CEPC 240GeV (5/ab) + 350GeV (200/fb) + HL-LHC
10°-m ILC 250GeV fzfab + 350GeV (200/fb) + 500GeV (4/ab) + HL-LHC translated from the results in| —
10/ab) + 350GeV (2.6/ab) + HL-LHC arXiv:1704.02333 ]

Fll FCC-ee 240GeV

: light shade: individual fit (one operator at a time)
solid shade: global fit

o1iﬁiil

CH Cw(==Cg) CHw

>
D
=
S
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A UV model does not span the whole EFT space...

Patterns of strong dynamics, R. Rattazzi, D. Liu, et al.

On | Ow | ¢ 95%CL bound on m. , global fit
ad o2 | 1
GSILH || ¢2 | 1 01
SILH || ¢2 | 1

o/l CEPC 240GeV ( E
10°Em ILC 250(3er =

'l FCC-ee 240GeV ( — 10
: € [
-~y | light shade: individual fit
% solid shade: global fit 5
E 10"
s |
— | 2- — SILH
g " i 1 i A i 1 i A i 1 i i i 1 i P i |
g 1 2 4 6 8 10

n IIIIIIIIIIJ
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bounds on 6k, from EFT global fit

-2 -1 0 1 2

3

Summary

XXX +xxx 68% CL bounds (combined with HL-LHC)

| Thank you!

| HL-LHC 2

I . S S S S . S L S S S S S S W S .
41 68%,95%CL bounds, lepton collider only
B 68%,95%CL bounds, combined with HL-LHC

[T 68%,95%CL bounds, h only W/ HL-LHC Th) i) .| HC results from arXiv:1704.01953)

+1.261 147 eV(3/ab), rates & distributions

cepci® [

rnm 240GeV(5/ab) only (CEPC)

+0.76

+0-441240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)

+040 ~c_ee with zero aTGCs

& P
FCC-ee|?®  + it
-039 }}F-|l

-2 -1 0 1 2
=h _
6KA(=ASM )

3

» Higgs self-couplings are the keys to reveal nature of EWF | and EWBG;

« CEPC could use precision Higgs measures to constrain Higgs trilinear couplings in a robust
way in the general EFT framework; we setup the framework and include more observables;

« The observable set and operator set can be further expanded for a fuller treatment, so far we

dropped a few of them constrained by EWPO;*

* Interplay between Higgs precision and EWPO, 240 GeV and 350 GeV, CEPC and other future
collider programs, can be studied in this framework and provide useful information;
* We also sketch how would representative BSM scenarios look like with CEPC Higgs

precision.
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Precision of Higgs couplingmeasurement (Model-IndependentFit)

m ILC 250+500 GeV at 250+500 fb~! wi/wo HL-LHC |

Summary and out, |-

 Higgs physics is rich and challe
lamppost for our exploration of ©
* Many efforts from different direc

promising to provide valuable informauon ‘tnfouan
Higgs preci Looking forward to the great physics at CEPC and SPPC

We all need to contribute!
* Alot to exp

* more sub Thank you!
processes Precision of Higgs couplingmeasurement (Contrained Fit

 detector design and study on jet-r = LHC30013000 !
identification

» key background reduction like Ba

 reducing theoretical uncertainties

My Oi]ﬁggg/kfog ag glercgjég;ﬁf .Higg:

2018 1073

elative Error

1072}

kK, Ky Br(inv) r

m CEPC 250 GeV at 5 ab™" wilwo HL-LHC

0.1

Relative Error

1072




Outlook

» Jet-clustering/identification at the CEPC, where the picture could be completely different from hadron
colliders, and their applications to BSM physics in addition to serving as QCD tests;

» Tau-lepton tag and its polarization at CEPC, and its application to asymmetries at both Z-pole and ZH;

+ The CEPC sensitivities to some "not so rare" Higgs exotic decays, especially for these with trigger
problems at the LHC (as CEPC triggering efficiency can be considered as 100% for any exotics);

+ The CEPC sensitivity to Higgs "CP violation" as it probably is going to pin down the CP phase;

» Alonger term plan for fully correlated analysis of Higgs precisions (systematic, interference in signal
processes) should be in place.

My outlook 3.5 yrs.ago.. .. wusriecerc

2018

29



Relative coupling measurement precision and the 95% CL upper limit on BREM

1nv

10-parameter fit

7-parameter fit

Quantity | CEPC CEPC+HL-LHC | CEPC CEPC+HL-LHC
Kb 1.3% 1.0% 1.2% 0.9%
K. 2.2% 1.9% 2.1% 1.9%
Kq 1.5% 1.2% 1.5% 1.1%
Kw 1.4% 1.1% 1.3% 1.0%
K., 1.5% 1.2% 1.3% 1.1%
Kz 0.25% 0.25% 0.13% 0.12%
K-, 3.7% 1.6% 3.7% 1.6%
K, 8.7% 5.0% — -

BREM <0.30% <0.30% - -
Ty 2.8% 2.3% - -

30
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gl SubFit with
[ 0(ZH,inclusive)
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