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Higgs Discovery implies:

New Force(s)! Exciting!
New opportunities.
First fime, a (maybe fundamental) scalar!
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COUPLINGS

« Gauge coupling
» Yukawa coupling—new forces
 Self coupling—new force

Derived couplings
Hyy,Hgg,HZy, ...
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Measurements must be interpreted.

Observables at the LHC is the cross section, a convolution of PDF, hard
scattering, parton shower, detector response ...

(Similar for many observables at the CEPC) g | P
Ki = —sm’ Ktot = Tsm
. Ji ot
For the hard scafttering:
[T KZZK'JZ
o(i>H-j)x o
Ttor  Ktot
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QUICK LOOK AT FITTING
--WITH PLAIN LANGUAGE

* A measurement itself provide a distribution function of the “true” underlying
value of such measurement, e.g., for statistical dominated processes, it's a
Poisson distribution —» Gaussian distribution (with large numbers).

» Such a distribution can be interpreted as a (maybe convoluted) function of
parameters, including theory input parameters, instrumental parameters,
etc.

« For a set of measurements, define a likelihood function; provide the test
input parameters, evaluate the set of parameters that maximizes the
likelihood function.

* Then evaluate individual parameters error band by

« A) profiling other parameters by choosing their values freely such that for a
given target parameter’s value, the likelihood function is optimized;

» B) marginalizing other parameters by simply “integrating” them out.
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-SCHEME - l

K

All SM Higgs couplings can be modified by factor k(s).

e.g., SM Higgs mixes with a Singlet S
H =cosf h+sinf S

Basically all SM couplings reduced by a factor
K = cosf

Theoretical motivation:
Hidden Valley, Higgs portal, singlet-assisted EWBG
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k-SCHEME

All SM Higgs couplings can be modified by factor k(s).

e.g., 2HDM with Z,
H = cosa h; + sina h,

Basically all SM couplings reduced by several factors (Type-ll)
Kzw, Ky, Kag, Kq

Determined by model parameters
tanf, a, (As)

For MSSM, radiative corrections modifies the Yukawas differently, inducing
more ks.

IHEP EPD Seminar U. of Pittsburgh/FermiLab X 3/17/2015



Measurements must be interpreted.

Observables at the LHC is the cross section, a convolution of PDF, hard
scattering, parton shower, detector response ...

(Similar for many observables at the CEPC) g | P
Ki = —sm’ Ktot = Tsm
. Ji ot
For the hard scafttering:
[T KZZK'JZ
o(i>H-j)x o
Ttor  Ktot

o If Kpor = K7 ;c , the observed rates do not change.
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LT, kZk?
o(i->H-j)x o LS

tot  Ktot
So, | can "freely” scale all the couplings probed (indirectly) by
experiment by a factor of f, as long as | scale the total width of
the Higgs by a factor of f*, the observed Higgs rates do not

change.

How can we learn more about Higgs couplings?
Can we readlly scale the Higgs couplings “freely’<¢

« Couplings scaled by f, corresponding partial width as a result is scaled
by 2. To make the observed cross sections not change, the total width
need to be scaled by f*

« But total width is the sum of all partial widths, this implies
« Forf >1,

The total width need to contain some partial width that is not
probed by experiments, so as to increase the total width faster than
probed partial widths.

e.g., increased production rate, decreased BR, leads to same

rate.
« Forf <1,

The total width need to decease more than partial widths; but it at
|885T EBhtains all fREBEFIA widths pfobed. So there exists a “model-""*"



,.; VF-I‘- K2 K?

e o(i > H-j)x o

tot  Ktot
So, | can "freely” scale all the couplings probed (indirectly) by
experiment by a factor of f, as long as | scale the total width of
’rhhe Higgs by a factor of f#, the observed Higgs rates do not
change.

How can we learn more about Higgs couplings?
Can we readlly scale the Higgs couplings “freely’<¢

No.
« Changing the Higgs couplings arbitrarily could induce problems, non-
pertubativity, unitarity violation, violates precision measurements.

Yes.

« It's like the other side of a coin, some effects above just implies BSM
physics nearby. If the deviations are small, it could consistently point us
to a feasible NP scale.

« Many theories does modify all the couplings, e.g. SUSY, composite
Higgs, etc.
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tot  Ktot
So, | can "freely” scale all the couplings probed (indirectly) by
experiment by a factor of f, as long as | scale the total width of
’rhhe Higgs by a factor of f#, the observed Higgs rates do not
change.

How can we learn more about Higgs couplings?
Can we readlly scale the Higgs couplings “freely’<¢

Assuming yes (conventionally people call this “model-independent”)

Pros:

“minimum bias”, “little caveats”, interpretation almost independent of BSM
physics scenarios.

Ccons:

Difficult and large uncertainty since scale factor f could be arbitrary.
Need to think hard to pin it down.
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LT, kZk?
o(i->H-j)x o LS

tot  Ktot
So, | can "freely” scale all the couplings probed (indirectly) by
experiment by a factor of f, as long as | scale the total width of
the Higgs by a factor of f*, the observed Higgs rates do not

change.

Before moving on to scenarios at different colliders,

The real difficulty of this f-scaling “invariance” is that we cannot pin down
the absolute values of any of the couplings, or the width.

Once we find a way to determine any of above ks, others absolute values
can be determined subsequently.
Kz

—=4— and
o0(Z-H-2Z)

For instance, if one can measure k,, and o(Z - H - Z), Ko X
vice versa.

The width is often the quantity we are trying to pin down, because 1) this
physical quantity has kinematical meaning; 2) a convenient quantity to
derive others... (will explain later). We thus choose the total width as the
symbolic quantity to determine. Following discussions of different colliders
won't change much if we choose other k.
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e K

. ~ LG KK °
o(i—>H-j)x e
tot  Ktot

— i stat)

= Total uncertainty
1 1 ' oy + s onu
197 fo' (8 TeV) + 5.1 fb (7 TeV) |— ) - !
Combined CMS my, = 125 GeV
ii=1.00£0.13 P.re Hn? fnary
H — bb tagged

p=083+049

H — 1t tagged

n=0.91+027

H — yy tagged
p=113+0.24

H — WW tagged

u=083x0.21
H — ZZ tagged

! 't | 1 A 'l L
1.5 2

Best fit o/c

SM

152
Signal strength (u)

Given this scaling-fact, really hard to extract the
absolute values of the couplings (and width).

If we can measure one of the k(s), all others will be simultaneously
determined.
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Higgs Width ~4.2 MeV

Extremely narrow to determine from the line-shape of the final states at
colliders.

Before heading to the CEPC, we should try to see what we can learn from the
LHC.
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arXiv:1405.0285 ot

[', =10 x F}f’t, couplings rescaled

19.7 fb! (8 TeV) + 5.1 f5" (7 TeV)
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Combined ZZ observed

F. Caola and K. Melnikov Combined ZZ expected
And N. Kauer and G.Passarino

estimated an “eventually”
reach of ~10 SM width; CMS with current
data ~5.4 SM witdh:



http://arxiv.org/abs/arXiv:1405.3455
http://arxiv.org/abs/arXiv:1307.4935
http://arxiv.org/abs/arXiv:1206.4803
http://arxiv.org/abs/arXiv:1405.0285

19.7 i (8 TeV) + 5.1 5" (7 TeV)

— 4] oh=erved
—— 4/ expected
202y + 41 observed

-I-I:-_I F oo ..'
LLEN 4 c-dhill

axpactad
Combinad 27 obsarved

Combined Z7 expected

Off-shell: (NI

F. Caola and K. Melnikov arXiv:1307.4935
And N. Kauer and G.Passarino
arxXiv:1206.4803 estimated an “eventually”
reach of ~10 SM width; CMS with current
data ~5.4 SM witdh;

Great measurement, but:

1) On-shell rate uncertainty

2) Loop-running<interplay of (at least)
undetermined Top Yukawa

3) Many possible NP input at higher inv.

Higher order corrections at MASSEs.
9 4) Higher order corrections.

Hadron colliders is going limit See discussions in e.g., arXiv:1405.0285,

e BT o v arXiv:1410.5440, arXiv:1412.7577,
mdEeEISreMmenT Qe L(g /):e SXNEI. X E GI’XiVI1502.04678 s 3/17/2015



http://arxiv.org/abs/arXiv:1307.4935
http://arxiv.org/abs/arXiv:1206.4803
http://arxiv.org/abs/arXiv:1405.0285
http://arxiv.org/abs/arXiv:1410.5440
http://arxiv.org/abs/arXiv:1412.7577
http://arxiv.org/abs/arXiv:1502.04678

* gg->H->/1

* 9g->H->WW

o VBF->H->77

etc.

Why not diphoton?

Large background.

So a different technic of meas
the mass peak shift comparing
channel is proposed.

Interference with the irreducib

background shifts the invariant mass
peak.
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http://arxiv.org/abs/arXiv:1305.3854

LHC WIDTH SUMMARY

» Total width can be determined by making off-shell Higgs measurements

* With careful treatment, and assuming no new physics contribute to off-shell

process other than modifying the Higgs directly, a few times the SM width
precision can be achieved

» Future HL-LHC measurements will improve but is estimated at O(1) precision
level from difficulties in higher order corrections.
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CONSTRAINED k-SCHEME”

Add some assumptions

« Choice 1: Assuming NO Br,y,, SO I, has to scale as f but not f2 since I, =

2:1—‘observable
Total width is no longer a free parameter, but rather a derived quantity from
all observable partial widths.

Most of the LHC result seen are under this assumption.

19.7 b7 (8 TeV) + 5.1 16" (7 TeV)

CMS

Preliminary

-= 58% CL
—95% CL
---SM Higgs

(M, £) fit
—68% CL
—95% CL

100 200
mass (GeV)
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CONSTRAINED k-SCHEME™

Add some assumptions

« Choice 1: Assuming NO Br,y,, SO I, has to scale as f but not f2 since I, =
2:1—‘observable

Total width is no longer a free parameter, but rather a derived quantity from
all observable partial widths.

Most of the LHC result seen are under this assumption.

19.7fb™ (8 TeV) + 5.1 16" (7 TeV)

CMS

Preliminary This assumption is justified that

it's applicable to BSM models with
no additional states lighter than
the Higgs mass, provided that
Higgs decays to light quarks not

modified too much.
(M, ) fit

= 68% CL

=052 CL

20 100 200
mass (GeV)
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CONSTRAINED k-SCHEME™®

Add some assumptions

» Choice 2: Assuming upper bound on certain couplings from theoretical
requirement.

e.g. ky, kz < 1, which is true for most models without Higgs triplet or higher
reps.

e.d.

An obvious
asymmetric error
band on ky,, k.

This results assumes
Ky = Kz = Ky QS O
result of constrains
from p with some
exceptions.
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http://arxiv.org/abs/arXiv:1210.3342

HIGGS PHYSICS AT CEPC HIGGS FACTORY



| P(e, €=(-08,0.2)

500 —————————— .
- —— SMall ffH
% - — WW fusion

Production

c [ ZZ fusion

Millions of Higgs at the CEPC clean
environment
Especially these with the nice recoil Z-boson

) 2= EE SRS S = rcconstructed
200 400 600 800 1000
/s (GeV)
Process Cross section Neﬁrn}g in 5 ab™!
Higgs boson production, cross section iﬁ\i\
ete- - ZH 212
ete” — vvH 6.72
ete” — eeH 0.63

Total 219 1.10 x 10°
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Knowing the Inifial State Four

“ momenta. . .
recoll mass technique”:

No additional assumption

Inclusive Higgs measurement
—Coupling square measurement (HZZ)
= freeze scaling factor f

IHEP EPD Seminar U. of Pittsburgh/FermiLab X H
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: CEPC Preliminary 1 o \
4000 - n Zs W I Ldt < 8 ab™ I CEPC Preliminary |
—— S+B Fit {s =250 GeV
i —4— CEPC Simulation . 1
> i ﬂ — GBF —— Signal f Ldt =5 ab
530[}0 B T iiag:ka;mm] q 2000+ Background Z(— e*e)+H
> k)
- i i
— o & o]
$2000- Z = pp g
i i . i
E | H — Anything| 1000
1000
20 | R ?
120 125 130 135 14 20 1 30 140 150
W +
Mrccml[GEV] M¢ eml [GEV]

Nice recoil mass peak at 240~250 GeV, where ZH associated production rate
IS optimized.
Using dilepton (also dijet) invariant mass to tag Z-boson, and then find the
recoil mass peak. 7 decay mode  AMy (MeV)  Ao(ZH)/o(ZH)  Ag(HZZ)/g(HZZ)
ee 13 2.1%
L 6.6
ee + 5.9 .87 0.4%

qq .657 0.32%
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. 80 | —s— CEPC Simulation CEPC Preliminary

S+B Fit
= Signal

o Background
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AMpg Ly o(ZH) o(vvH) x BR(H — bb)
5.0 MeV 2.8% 0.51% 2.8%
Decay mode o(ZH) x BR BR
H — bb 0.28% 0.58%
H — cc 2.2% 2.3%
H — gg 1.6% 1.7%
H— 71T 1.2% 1.3%
H—WW 1.5% 1.6%
H— Z7Z 4.3% 4.3%
H — vy 9.0% 9.0%
H — pp 17% 17%
H — inv 0.28% 0.28%
A e O @ IO O O e aroup C S Alndad reseo
C @
O C @ C Olfs Ue i O Alio O c Alec 10
Ulo O C AlIC aeCd J 10 Oor e O O c AdlIre diso

NN . ~
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That ILC 250 GeV as one example,
AgHeustve = 0.50% = Ak, = 0.25%
But
Ao(ZH,H - ZZ*) = 4.3%
All other couplings, e.g.
AZ — o(ZH,H - 17)
o = (a(ZH,H S 277

* K%) > 4.3%

Decay mode o(ZH) x BR

H — bb 0.28%

H — cc 2.2%

H — gg 1.6%

H— 77 1.2% Leading contribution at 250 GeV is,
H—WW 1.5%

H — vy 9.0%

H — pp 17% see CEPC pre-CDR, CEPC Higgs
H — inv IR/ VWhitepaper.
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A GLANCE AT THE GLOBAL FIT RESULT

Precision of Higgs couplingmeasurement (Model-IndependentFit)

s ILC 2504500 GeV at 250+500 fb~" wi/wo HL-LHC

| Beyond LHC
-1 . |
m CEPC250 GeV at 5 ab™" wi/wo HL-LHC . “model-

Combining with the LHC s ”
improves CEPC results, — = _I_ndependeni
especially on uw, yy; | |
LHC ratios of BRs contains the

~ most important information.

Relative Error

Br(inv) Kr
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—-—V - TSsGO
resul’r compcrmg WITh the LHG

Greo’r “ L”C3°?38°\f7emen’r!

m CEPC 250 GeV at 5 ab™" wi/wo HL-LHC

-
O
-
-
LL
)
=
-
Q©
()
nd

The (HL-)LHC fit results are within the constrained fit scheme.

Since one of the biggest uncertainty of f-scaling is broken, the fitting result will
be greatly improved comparing to the “model-independent” fit result from

the CEPC.
Be careful when comparing results with/without/with-different
assumptions/schemes.
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ORDS ON EFT SCHEME

One can write down all the allowed dim-6 operators that

affects Higgs physics.
E.g. from RPP,

Ops. involving bosons and fermions

Ot = yi/v* (212) (72t R)

Operators involving bosons ;nly Oy = yb/?_g? (cI)Tfp) (G PbR)
Oy = 1/(20?) ((‘)f-‘ (q:-T@)) O, =y, /v2 (&T®) (L, 7R)
Or =1/(2%) (a1 D*3)’ Ong = i/v* (a*ar) (9D, @)
3 .

O = —\/(v?) (IIJJFQ:-) OSBI Ops. involving bosons and fermions
Op = (ig')/(2m3) (BT D rp)(a-'wa) Ony Oub = (9" yu)/miy (qL 80" uR) By
Ow = (ig)/ (2m3,) (®lo’ DEB)(D'W,)t o a Cuw = (9yu)/miy (qLo' ot ug) Wy,
Onp = (i) miy (DU (DD)Bu " 0,6 = (g5 yu) /mly (@20 t4ug) G\ R

= (3 (DedYT v 1t Hua B »
Orw = lig)/ ’;’W JED @)lo* (D Q)W o, Can=(v)/ myy (G20 dR) By

_ , L : . .
Opp =g //mw OTP Binq HI O = (g yd)/m%p’ (G0 P dR) L.V;W
Og —qqmﬂ(IfDG#(ﬂ'“” 9 A A

Y N Oy~ = ua)/ms (gr ot dp) G-

Oy iy = (ig)/m3y (DH®)T(DY®) By, ¢ (gf va)/ 7 (2L o R) Gy
OHH = (ig)/m?, (DM®)1o* (DY @)W, O =(9'y)/ 'mrz,y (LL®o""Ig) By
Ogg = 9% /m3, ®1® B, B Ow = (9y1)/myy (Lpo*®at”iR) H'Ifw

One = g2 /md, @10 G, GAM

v 3/17/2015




Only 8 primary Higgs operators (CP-conserving)

[Pomarol, Riva 2013; Elias-Miro et al. 2013; Gupta, Pomarol, Riva 2014]

|
[HIEG. c o 99 = h .

L/ -

St aebi Already probed
. ) at the LHC J
|H\QB,L“,,.B’“"M h—~y

I
H W, W o

Sl e L E—

|H[2|D,H|? h— VV*

f

|H|*f; Hfr +h.c. h — bb, 7T and gg — tth

H[°
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T
| H[fG: G+ 99 — h

S

|HPBWB’“’ h — vy

Now only upper bound

|

|H\2W§',,W“W e Jy—y Zny «--~_ wait for next LHC run

e — ———

|H[2|D,H|? h— VV*

[

ms | |HI?frHfr + h.c. h — bb, 7T and gg — tth

— —_—

|H|6 > affects h? ... Probed in gg — hh
e — ) very late LHC
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FEW WORDS ON EFT SCHEME

One can write down all the allowed dim-6 operators that
affects Higgs physics.

« Use E.0.M to write down a unique set of operators

* A single operator could be constrained by EWPO, e.g. STU, Z-
pole, TGC, Dipole

* There exists a set of operators only affecting Higgs physics—>
justifying the k-scheme.

 Possible co-existence of dim-6 operators that modify e.g. HZZ
coupling, with different Lorentz structures.

IHEP EPD Seminar U. of Pittsburgh/FermiLab X H 3/17/2015



Lessons from LHCS recasts \

Prospects depend in detail on the particles in the final

state, and range from spectacular to
e: multiple
: b
electroweak objects, poor
l mass resolution

< h b

h | < % R b
S a T N

< '

- all-hadronic
: multiplc resonant h

light leptons

[Curtin, Essig, Gori, Jaiswal, Katz, Liu, McKeen, JS, Strassler, Surujon, Tweedie, Zhong]
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FEW WORDS ON THEORETICAL
UNCERTAINTIES




Table 1-2. Parametric uncertainties used by the Higgs Cross Section Working group to determine Higgs
branching ratio and width uncertainties [15,17].

Parameter Central Value Uncertainty
ags(Mz) 0.119 +0.002 (90% CL)
M, 1.42 GeV +0.03 GeV
myg 4.49 GeV +0.06 GeV
my 172.5 GeV +2.5 GeV

Table 1-3. Theory uncertainties on My = 126 GeV Higgs partial widths [17].

Decay QCD Uncertainty Electroweak Uncertainty  Total
H — bb, cc ~ 0.1% ~1—2% ~ 2%
H— 7t utpu~ - ~1—2% ~ 2%
H — gg ~ 3% ~ 1% ~ 3%
H — vy < 1% < 1% ~ 1%
H — Z~ < 1% ~ 5% ~ 5%
H > WW*/ZZ* — Af < 0.5% ~ 0.5% ~ 0.5%
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omp(10)  das(mz) ome(3) | & e g

current errors [10] |  0.70 0.63 0.61 |0.77 0.89 0.78
+ PT 0.69 0.40 0.34 | 0.74 0.57 0.49
+ LS 0.30 0.53 0.53 |0.38 0.74 0.65
+ LS? 0.14 0.35 0.03 [0.20 0.65 0.43

+ PT + LS
+ PT + LS?
+ PT + LS? + ST

021 | 030 0.27 0.21
020 |0.13 0.24 0.17
0.20 | 0.10 0.22 0.09

ILC goal 0.30 0.70 0.60

Table 1: Projected fractional errors, in percent, for the MS QCD coupling and heavy quark
masses under different scenarios for improved analyses. The improvements considered are:
PT - addition of 4*" order QCD perturbation theory, LS, LS? - reduction of the lattice
spacing to 0.03fm and to 0.023fm; ST - increasing the statistics of the simulation by a
factor of 100. The last three columns convert the errors in input parameters into errors on
Higgs couplings, taking account of correlations. The bottom line gives the target values of
these errors suggested by the projections for the ILC measurement accuracies.
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http://inspirehep.net/author/profile/Lepage, G. Peter?recid=1288071&ln=en
http://inspirehep.net/author/profile/Mackenzie, Paul B.?recid=1288071&ln=en
http://inspirehep.net/author/profile/Peskin, Michael E.?recid=1288071&ln=en
http://arxiv.org/abs/arXiv:1404.0319

Precision of Higgs couplingmeasurement (Model-IndependentFit)

m ILC 2504500 GeV at 250+500 fb™" wi/wo HL-LHC

S U M M A m CEPC 250 GeV at 5 ab™' wi/wo HL-LHC

* Higgs physics is rich and chal
new lamppost for our explordae
physics.

* Many efforts from dlfferen’r ofl e

promising
HIQQS pre Looking forward to the great physics at CEPC ana

We all need to contribute!

©
—

lative Error

* A |lOotf tO ex
Neglel=¥le Thank you!
processe

» detector design and study on jg
identfification

« key background reduction like B
» reducing theoretical uncertainfi
» Study for rare decays, CP, etc.

[H

Precision of Higgs couplingmeasurement (Contrained Fit)
= LHC 300/3000 fb™"

m CEPC 250 GeV at 5 ab™! wi/wo HL-LHC

Relative Error
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OUTLOOK

 Jet-clustering/identification at the CEPC, where the picture could be
completely different from hadron colliders, and their applications fo 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 exoftics);

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

» A longer term plan for fully correlated analysis of Higgs precisions
(systematic, interference in signal processes) should be in place.
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BACKUP
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THINGS  WANT TO SHOW AT LEAST
ONE SLIDE

* k-scheme

» EFT-scheme
« Exotic rare decays
» Flavor rare decays

* To mention: indirect, Higgs production from other decays, triple-Higgs
couplings, CP, tth, etc.
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Quarkonium interferometry

*Access this coupling using H—=]/"Y+Y! Bodwin, FP, Stoynev, Velasco 1306.5770
ad

Indirect production is
larger; interferes quantum-
mechanically with direct

14 production

Direct production, which is
sensitive to Hecc coupling,
is small (W.-Y. Keung, 1983)

*Larger indirect mechanism drags up the direct one; provides sensitivity to the Hcc coupling
*Theoretically very clean; few-percent uncertainties: Bodwin, Chung, Ee, Lee, FP 1407.6695

*Interference gives unique information on the phase of the Hcc coupling
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Theory prediction for |/

*Partial width for general Hcc coupling: lg/H“:K“ (BHec)sw

D(H — J/+7) = [(11.9 £ 0.2) — (1.04 £ 0.14 3 x 10710 GeV

, _ / Dominant uncertainty on direct
Dominant uncertainty on indirect . 4
amplitude: uncalculated v

amplitude: leptonic width of J/\p corrections in NRQCD

*Branching ratio in the SM:

[BHP\I{]} — JJ;"ri ) 4+ A ] — ET{]-_I-E:{!;: X ]“(,J

..p...q...;...p....l...|...|...|...|...r..q..,|...;..]...|,,.\...|.,,;...1..

This is a 3 ab”! measurement! Only possible
with a high luminosity LHC; O(100) I*Iy
events in the SM after acceptancexefficiency

-Ih _|....|..+..|...I...|....|...|..+..|.
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OUT OF THE BOX: DIRECT
SEARCHES




Table 1-6. Projected future uncertainties in «s, m., and my, compared with current uncertainties
estimated from various sources. Details of the lattice 2018 projections are given in the Snowmass QCD
Working Group report [18].

Higgs X-section PDG [19] non-lattice Lattice Lattice

Working Group [15] (2013) (2018)
Aag 0.002 0.0007 0.0012 [19] 0.0006 [20]  0.0004
Am, (GeV) 0.03 0025  0.013[21] 0.006 [20]  0.004

| )
Amyp (GeV) 0.06 0.03 0.016 [2 1} 0.023 [20] 0.011

L-factor definitely will improve the case further!
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The factors F; can be written

T OzZH OuoH OFH L;
F; = S;G; where S; = ( ), ( ). or ( ), and G; = (—). (6.1)
9% 9% g; g;

These are theoretical calculations with parametric and theoretical uncertainties. Because the relevant
quantities are ratios of cross sections and partial widths to couplings squared, the total theory errors
for S;, and particularly GG;, should be less than the total theory errors for the corresponding cross
sections and partial widths. We believe that a total theory error of 0.5% or less can be achieved for
the F; parameters at the time of ILC running. We quote coupling results assuming total theory errors
of AF;/F; =0.1% and AF;/F; = 0.5%.

The fitted couplings and width are obtained by minimizing the chi-square function y? defined by

34

Y, -Y,
2= ( N (6-2)
i=1

where AY; is the square root of the sum in quadrature of the error on the measurement Y; and the
total theory error for 1’; The results for theory errors of AF;/F; = 0.1% and AF;/F; = 0.5% are

summarized in Table 6.1 and Table 6.2, respectively.
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ILC(250) ILC{EDD} ILC(1000) ILC(LumU p)
18 % 4 % 4.0 % 2.4 9
6.4 % 3 % 1.6 9 0.9 %
4.8 % 1 % 1.1 % 0.6 %
1.3 % 0 % 1.0 % 0.5°9

- 3.1°9 1. 9 %

5.7 % 3 % 1.6 ¢
6.8 % 8 % 1.8 9
91 % 16 %
12 % 9 % 4.5 9

0.9 %
1.0 %
10 %
2.3 %

Cl Cl Cl‘- Cl 'l:l Cl Cl Cl

70
Yo
7o
7o
Yo
5.3 % 6 % 1.3 % 0.7 %
Yo
Yo
/0
Yo

ILC(250) ILC(500) ILC(1000) ILC(LumU p)
18 % 8.4 % 4.0 % 2.4 %
6.4 % 2.3 % 1.6 % 0.9 %
4.9 % 1.2 % 1.1 % 0.6 ﬂo
1.3 % 1.0 % 1.0 % 0.5 %

- 14 % 3.2 % 2.0 %
5.3 % 1.7 % 1.3 % 0.8 %
5.8 % 2.4 % 1.8 % 10“0
6.8 % 28% 1.8 % 1.1 %
91 % 91 % 16 “u 10 %
12 % 5.0 % 4.6 % 2.5 %
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E e

Cluster Price/Performance in $/MF

2006 2008 2010 2012 2014
Year

0.01

Figure 1: Measured cost per megaflop of lattice QCD computing on the USQCD cluster
facilities at Fermilab and Jefferson Lab, plotted versus year. The exponentially improv-
ing price/performance of conventional cluster hardware (blue crosses) that was observed
through 2011 has fallen off somewhat in the last few years. This has been mitigated by
the introduction, where possible, of GPU-accelerated clusters (magenta circles) for lattice
calculations.
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Table 1-5. Uncertainties on My = 126 GeV Standard Model widths arising from the parametric
uncertainties on as, my, and m. and from theory uncertainties [16]. For the total uncertainty, parametric
uncertainties are added in quadrature and the result is added linearly to the theory uncertainty.

Channel Ao Amy, Am,. Theory Uncertainty Total Uncertainty
H — ~y 0% 0% 0% +1% +1%

H — bb ¥2.3% 3% 0%

H—ce Ty F01% 5l

H — gg A F01% 0%

H— 171~ 0% 0% 0% +2% +2%
H—WW* 0% 0% 0% +0.5% +0.5%
H— 777 0% 0% 0% +0.5% +0.5%

Table from Higgs Showmass
Report
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