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A question in kappa formalism:

olete™ = Zh) T(h— ZZ¥)
SM B SM B

e can deviations from SM be both represented by single kz?



the answer is model dependent

e f BSM induces new Lorentz structures in hZZ interaction
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e need a better, more theoretical sound framework



global perspective for precision meas. @ future e+e-

e different new physics effects can appear in a same observable
e.g. suppose we discover a deviation in rate meas. oxBr

» hbb coupling?
- hZZ coupling?
» Zuu coupling?
- Zee coupling”
* new diagrams?




SM Effective Field Theory @ future e+e-

Leg = Lsv + AL

C;
:£SM+Z Adi—40i

assumption: mesm >> Mew

most general effects from BSM represented by a set of
higher dimensional ops.

respect SU(3)xSU(2)xU(1) gauge symmetries

consistently relate BSM effects in Higgs, W/Z, top, 2-fermion
processes: provide a global view of roles of various
measurements @ future e+e-



e great synergies with (HL-)LHC measurements

important implications for future e+e-

» Higgs rare decays; Top-quark EW couplings; TGC / QGC; etc

e CEPC /FCC-ee: important role by Z-pole run, ~x2 better Sgnvv

e |LC/CLIC: important role by beam polarizations, made up L

/-pole
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SMEFTnp ee240
[Leab 2 1 5.6 5

ogrzz | 0.39% | 0.5% |0.45% |0.47%
ogrbb | 0.78% |0.99% 10.63% | 0.71%
ogrw | 0.81% | 1.3% [0.66% | 0.69




combined fit for Higgs/EWPO/WW @ future e+e-

(Barklow et al, arXiv:1708.09079, 1708.08912; + papers by other groups)
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| z'cfj (@ D #®)(L,L) ;L (®1te D #®)(Ly,t°L)
. .CHE /=t _ ®: higgs field
2 (P ﬁ“é[))(ey“e) ' W, B: SU(2), U(1) gauge

L, e: left/right electron

e |n total 23 parameters: 17 D-6 operators
+ 4 SM parameters (g, g’, v, A) + 2 for Higgs exotic decays

e a complete subset (@LO) for Higgs physics @ future e+e-



what happens at next leading order for SMEFT

O Zhang, et al,
_O arxXiv:1804.09766,
1807.02121

WH,ZH H-=bb

e ate+e-, NLO ~ O(a), 1% level

e for NLO from W/Z/y/H, operators constrained to ~<0.01,
overall effect will be < 0.1%

e for NLO from top, operators would be much less
constrained, currently ~ O(1) -> overall effect 1% ->
potential impact in global fit on Higgs coupling precision



our approach to include NLO top effects

S.Jung, J.Lee, M.Perello, JT, M.Vos, arXiv:2006.14631

 we didn’t try to include full NLO effects for all observables
* mainly include effects that have log-dependence on Q-scale

* captured by Renormalization Group Evolution (mixing)

dc;
¢, = 167°—— = Y.:C;
l dln u 7

[Alonso, Jekins,
Manohar, Trott, 2013]

ci. Higgs operators; ¢j. Top operators; yi: anomalous dimensions

* convenient to include such top-quark effects in all Higgs/EWPO/
WW observables that have been considered previously
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https://arxiv.org/abs/2006.14631

top-quark operators (added to previous SMEFT fit)

(no 4-fermion operators considered)
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effect of top operators: example

) log-dependence
V P V
higgs operator top operator
QZ‘%’VW oI OW e, Wer CZ—V; (Qa““t)ra@W/j‘V

, 1
CWw = Z(—ngthCtW)
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effect of top operators: example

finite term not log-dependent, hence not captured in our approach

S
D
T
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more detailed power-counting rule

Higgs loop production/decay

other observables

top production

SM finite 1-loop tree-level tree-level

Higgs operator tree-level from cwwwB BB tree-level none
finite 1-loop from other operators

top operator log 1-loop via ¢cww.wB.BB log 1-loop via ¢ tree-level

log 2-loop via other ¢
finite 1-loop via tree-shift of y;, gzu

key: include leading contributions from top-quark operators
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effect of top operators: example

RG evolution
= (12y; N — 492Nc)c§3)q — 12y.yp NeCru

! S S

42 ( 4gyt(Y+Y)thB)

CBB =

2 3 3

1 16 8
éHL — _nga ( YN CSC)J -+ YNCHt>

LO: without top-op

NLO: with top-op

ST'(h —» WW*) + = 3. 1c<3> 0.09¢y,;, — 0.36¢,



choice of scale for various observables

1

ci(Q) ~ ci(Qo) + @’Yz'jcj(QO) ln_o
GF EWPO 6mW,Z’h 5F(h) W_W+ 0'(1/17]'&) O'(Zh) O'(Zhh)
scale Q) |GeV]||m, |mz,mw | mwzr | my |250, 500|250, 500 (250, 500| 500
some at multiple scales:
6o (Zh — Zbb)(Q = 250) = (2.25)

00(Zh)(Q = 250) + 0T'(bb)(Q = myp,) — 0Tt (Q = my,).
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results (I): Vs = 250 GeV e+e-

e Wwith the same set of observables (as previous global fit), at

250 GeV running only, the global fit will not converge at any of
the Higgs factories

* e.g. Higgs couplings could not be determined unambiguously

not surprising, but no worry
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results (Il): ILC250 + LHC

| HC will provide us valuable top data sets

* top operators will be constrained to some extent at (HL-)LHC

. 10?

. LEP/SLC + LHC Run 2 .+ HL-LHC S1 .+ HL-LHC S2 .+ ILC250 .+ ILC500
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[Durieux, et al, arXiv:1907.10619]
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Errors [%]

results (Il): ILC250 + LHC

with the help of LHC top data, Higgs coupling precisions @
ILC250 are almost restored

note: top data from LHC Run 2 is not constraining enough

- ILC 250 Stage
- W w/otop © w/top+ LHC Run 2 w/ top + HL-LHC S2
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results (Il): ILC250 + LHC

e constraints on some Higgs operators get signiticantly worse

 much stronger individual sensitivity to top-operators (notably
1% sensitivity to top-Yukawa coupling, Oi)

100 ______________________________________________________________________________________________________________________

ILC 250 Stage
B w/otop W w/top+LHC Run2 ™ w/top + HL-LHC S2
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results (”) Q dependence c;i(Q) ~ ¢;(Qo) + #’yijcj(QO) In Qg

 different choice of Q reflects the errors from even higher order guantum
corrections

e appearance of more different Q in observables, larger degradation on Higgs
coupling precisions

12l ILC 250 Stage
i W w/o top w/ top + LHC Run 2 w/ top + HL-LHC S2

10 Q= Qproc
: Q=max(m¢, Qproc) ]
Q=max(2my, Qproc)

(o]

Errors [%]

4L —

hbb hcc hTT hZz hyy hgg huu hZy Cinv Lother [t Oyt oA

our default choice Q=max(m:, Qproc);
varied with Q=Qproc, Q=max(2mt, Qproc)



results (lll): effects from beam polarizations

* pbeam polarizations double independent observables, In
general more robust against uncertainty from top-operators

Polarized Unpolarized
10~ @ HL=LHC S2+2/abat250 GeV -~ -~~~ -~~~ ~~~~ -~~~ [~ HL=LHE S2 %5 fab-at-250 GeV- -
- M w/o top ¥ w/o top '

Errors [%]
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for Q:Qproc



results (IV): ILC250+LHC+ILCS00
e precisions of both Higgs couplings and operators restored

- ILC 500 Stage
- ®m wiotop ® w/top © +HL-LHC S2 = ILC 500 (direct top) Y
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results (V): potential impact from finite one-loop effects

* could be significant @ 250 GeV, in particular for hZZ /| hWW,
X2-3 worse, though ~1-2% precision

e almost no difference once direct e+e- -> tt data is available

Error[%]
-h T T

»
L S

Our full = + all finite terms in Table 7
Direct top data : HL-LHC S2 (+ ILC500 direct top)

»« : Only finite terms of ¢g in I(h->yy)
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|
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BSM

SMEFT

summary

a combined Higgs/Top/EW analysis has been pertormed using
the SMEFT framework

NLO effects from top-quark play a significant role in the Higgs/
EW processes

top EW coupling measurements at (HL-)LHC are very important
for future Higgs factories

eventually e+e- -> t t-bar production will be very helpful to get
most out of Higgs/EW measurements
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backup
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strategy to determine all the 23 parameters at e+e-

Electroweak Precision Observables (9)
+

Triple Gauge boson Couplings (3)
+

Higgs observables at LHC & e+e-  (3+12x2)

T

2 for polarized

e all the 23 parameters can be determined simultaneously

(details in backup)
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some detailed understandings

ST'(h = yy) : + = — 0.56¢,; + 1. 2c<3> 0.04c¢y,;, + 33c,y, + 61,3

7Y HL-LHC~600%
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some detailed understandings

8A; : + = 0.05¢,,) = 0.2¢,;2) + 0.1cp, + 1.8¢,y — 0.3¢,4

ALr: left-right asymmetry ~1%
In Z-e-e coupling
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EFT input: EWPQOs (7)

O{(mz), Gp,mw, Mz, Mp, ALR(E), F(Z — €+€_)

1
be = §(4ma(m2))/? = s26g + 2 0g’ + §5ZA

5Gp = — 200+ 2c,,

1
5mw — (59 + v + §5ZW
omy = co20g + 8209 + dv —

1 — 1
omyp = 55)\ + 0v + §5Zh

1

2

1
Ct + §5ZZ

> 0Q, 09, OV, O\, CT
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EFT input: EWPQOs (7)

Oé(mZ), GF7 mw,mz,MmMp, ALR(E)a

o'y =

0A, =

[(Z — 0707)

26 25
5mZ | sz gL gé{ 9dR
gL T 9dRr
49LQR(59L — 59R)
94 QR

1

F 1] 1
(—5 +s)(1+ 5522) — —(cgL + cyyr)

2
1

[ 1
(-l-sfu)(l -+ 5522) — —CHE — SuwCw0Z Az

2

g CHL+C HL, CHE

— chwézAZ
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EFT input: TGC (3)

Av

mW

w+ \/J- W w-— w&- w...
SR I, 1
2 A 2

1 Suv
Jz — ng(]. -+ §5ZZ | - 5ZAZ)

AL — igV{V“(WlLW“ —WEW ) + sy WEW, T

kKa =1+ (SCWB)

s = —6g°caw

SW W)
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EFT input: TGC (3)

1
09z,eff = 09z > (g, — s2)0g + s5,09r — 20gw)

0kaers = (co — s2)(8gr, — 0gr) + 2(6e — dgw) + (Bewn)
OAaers = —69°caw

1
gw =9 (14 ¢y + §5ZW)
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EFT input: BR(h->vy)/BR(h->ZZ*), BR(h->yZ)/BR(h->ZZ*)
(2: HL-LHC)

OL'(h — v7v) =52880Z4 — cy + 4de + 4.2 dmy, — 1.3 dmy — 20v

ST (h — Z7v) = 2906247 — cg — 2(1 — 3s%,)0g + 6¢20g' +0Z 4+ 674
+9.6 0my, — 6.50mz — 20v

ST(h — ZZ*) = 20z — 26v — 13.86mz + 15.65my, — 0.506Z7 — 1.02C% + 1.186T'»

82

574 = 2 ((SCWW) — 2(8ews) + (8cBB)) 52 a7 = SuCu ((SCWW) — (1= 22 (8ewp) — —2"(8033))

-2
Cw



