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Introduction

e 10+ yrs after its discovery, the 125 GeV Higgs boson remains as
the biggest achievement of the LHC

v It finally proves the existence of the last ingredient required to fully test the
validity of the SM at low energies...
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v ...and at the same time reminds us of the limitations of the SM...

» How do we understand the mechanism of EVVSB!
» Hierarchy problem:Why M, < Mp!
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Introduction

® |n particular, the Higgs is connected to many interesting/relevant BSM questions:

Origin of EWSB?

Thermal History of Higgs Portal
Universe to Hidden Sectors?

Naturalness Stability of Universe

Fundamental CPV and
or Composite? Baryogenesis

Is it unique? Origin of masses?

Origin of Flavor?

arXiv: 2209.07510 [hep-ph]

But where is the New Physics hiding?
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Introduction

e But the Higgs is the only “new” physics we have found so far...

Jorge de Blas
Univ. of Granada

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: March 2022 f'L dt = (36 _ 139) fo-! \/_ =8,13TeV
Model 6,y Jetst ET™ [rdt™] Limit Reference
T T T T T T T T T T T T —T
@  ADD Gkk +g/q Oepry 1-4j]  Yes 139 | Mp 11.2TeV n=2 2102.10874
iS) ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
2  ADDQBH - 2j - 37.0 | Mu 89TeV n=6 1703.09127
[} ADD BH multijet - >3] - 3.6 M 9.55TeV n=6, Mp=3TeV,rot BH 1512.02586
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° Bulk RS Gkx » WW/ZZ multi-channel 36.1 Gkk mass 2.3 TeV k/Mp; =1.0 1808.02380
g Bulk RS Gk — WV — {vqq Teu 2j/1J Yes 139 Gkk mass 2.0 TeV k/Mp =1.0 2004.14636
0y BukRSgkk — tt Tepu 2102102 Yes 361 |8kkmass 3.8 TeV r/m=15% 1804.10823
2UED/ RPP lep 22b,23] Yes  36.1 KK mass 1.8 TeV Tier (1,1), BA®Y - tt) =1 1803.09678
SSM Z" — ¢¢ 2epu - - 139 Z’ mass 5.1 TeV 1903.06248
» SSM Z" - 11 21 - - 36.1 Z’ mass 2.42 TeV 1709.07242
c Leptophobic Z” — bb - 2b - 36.1 Z' mass 2.1 TeV 1805.09299
S | Leptophobic 2’ — tt Oeu  >1b,22J Yes 139 |2z mass 41 TeV r/m=12% 2005.05138
S | ssMwW -ty Tenu - Yes 139 | W’mass 6.0 TeV 1906.05609
® SSM W’ — 1v 17 - Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
g) SSM W’ — tb - >1b,>21J - 139 W’ mass 4.4 TeV ATLAS-CONF-2021-043
< HVT W - WZ — tvqgmodel B 1 e,u 2j/1J Yes 139 W’ mass 4.3 TeV gy =3 2004.14636
S HVT W’ - WZ — ¢y ¢’ modelC 3 e, 2j(VBF) Yes 139 W’ mass 340 GeV gven=1,g=0 ATLAS-CONF-2022-005
HVT W’ — WH model B Oe,u >1b, >2J 139 W’ mass 3.2 TeV gv =3 2007.05293
LRSM Wg — uNg 2u 1J - 80 Wk mass 5.0 TeV m(Ng) = 0.5TeV, g = gr 1904.12679
Cl qqqq - 2j - 370 |A 21.8TeV 7, 1703.09127
— | Clltqq 2epu - - 139 | A 35.8TeV. 7, 2006.12946
O Cl eebs 2e 1b - 139 A 1.8 TevV g&=1 2105.13847
Cl pubs 2p 1b - 139 | A 2.0 TeV g =1 2105.13847
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@ | ScalarLQ3gen 17 2b Yes 139 | LQ; mass 1.2 TeV B(LQ — br) =1 2108.07665
3 ScalarLQ 3" gen Oe,u 22j,22b  Yes 139 | LQ; mass 1.24 TeV B(LQ) - tv) =1 2004.14060
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Scalar LQ 3" gen Oepu,>170-2j,2b Yes 139 |LQgmass 1.26 TeV BLQY - bv) =1 2101.12527
Vector LQ 3" gen 17 2b Yes 139 | LQ; mass 1.77 TeV B(LQY — br) = 0.5, Y-M coupl. 2108.07665
VLQTT - Zt+ X 2e/2u/>3eu >1b,>1j - 139 T mass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024
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f g_ VLQ T — Ht/Zt 1e,u  =1b,23] Yes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
VLQY — Wh leu 21b,21]  Yes 36.1 Y mass 1.85 TeV B(Y — Wb)=1, cg(Wb)=1 1812.07343
VLQ B — Hb Oeu =22b 21,21J - 139 B mass 2.0 TeV SU(2) doublet, k= 0.3 ATLAS-CONF-2021-018
S g Excited quark g* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q") 1910.08447
2 S Excited quark g* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
g £ Excited quark b* — bg - 1b,1j - 36.1 b* mass 2.6 TeV 1805.09299
) @ Excited lepton ¢* 3epu - - 20.3 A=3.0TeV 1411.2921
=" Excited lepton v* 3eut - - 20.3 A=16TeV 1411.2921
Type Ill Seesaw 234epu >2] Yes 139 | N®mass 910 GeV 2202.02039
LRSM Majorana v 2u 2j - 36.1 Ngr mass 3.2 TeV m(Wg) =4.1TeV, g1 = gr 1809.11105
- Higgs triplet H** —» W*W#* 2,3,4 e, u (SS) various Yes 139 H** mass 350 GeV DY production 2101.11961
_?:3 Higgs triplet H** — ¢¢ 234eu(SS) - - 139 H** mass 1.08 TeV DY production ATLAS-CONF-2022-010
6 Higgs triplet H** — (r 3eut - - 20.3 DY production, B(H* — (1) =1 1411.2921
Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |q| = 5e 1812.03673
Magnetic monopoles — - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
‘/'=13Tev V_=13TeV TR | 1 1 a3 a3l 1 1 PR S R T A | 1 1 PR
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*Only a selection of the available mass limits on new states or phenomena is shown.

‘tSmall-radius (large-radius) jets are denoted by the letter j (J).
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Introduction

e ...and (almost) everything we have measured agrees well with the SM...

Standard Model Total Production Cross Section Measurements
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Introduction

e ...and (almost) everything we have measured agrees well with the SM...
(Before April 2022) Individual pulls

(Remove observable from fit = Predict)
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Introduction

® |n particular, the Higgs is connected to many interesting/relevant BSM questions:

Origin of EWSB?

Thermal History of Higgs Portal
Universe to Hidden Sectors?

Naturalness Stability of Universe

Fundamental CPV and
or Composite? Baryogenesis

Is it unique? Origin of masses?

Origin of Flavor?

arXiv: 2209.07510 [hep-ph]

BSM scenarios dealing with these questions typically introduce
modifications of the Higgs properties — Indirect tests of new physics

e Higgs couplings modifications can tell us about BSM and the LHC is the only
current experiment which can directly test the Higgs sector...

Jorge de Blas ICEPP, The University of Tokyo Seminar
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Introduction

e ...but the O(10%) precision at the LHC gives limited information:

dh [LHC

2 2
Typical BSM deformation: 99h ~ 9 szv % Anp = 60022 GeV
dhn ANP ~ gsM
<;V> ¢ Not better than direct searches
| gne (unless NP is strongly coupled)
E.g. Ho_ _¢-= =1= gNP
A N\

0 m#
% ~ Arr}zfz = e = fine tuning
h

= Higgs precision physics is a key tool to learn from BSM
= Need of an e*e- Higgs factory

Jorge de Blas ICEPP, The University of Tokyo Seminar
Univ. of Granada December 5, 2023




Introduction

e Future collider projects: The Intensity/Energy frontier

)

CC International
Ee = / \UON Collider
C

ollaboration

A

Energy Frontier

Direct Production
of new particles

Accuracy/Intensity Frontier
Indirect sensitivity to new physics
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Introduction

® The problem is, in the search of new physics, we no longer have guidance:
The Higgs was “expected” within the SM, we knew what to look for...

But Future Collider physics will be an exploration of the unknown...

If there is new physics not far from the TeV it may be
of a form we have not though of = Model-independent approach

Jorge de Blas ICEPP, The University of Tokyo Seminar
Univ. of Granada December 5, 2023




Introduction

® The problem is, in the search of new physics, we no longer have guidance:
The Higgs was “expected” within the SM, we knew what to look for...

But Future Collider physics will be an exploration of the unknown...

If there is new physics not far from the TeV it may be
of a form we have not though of = Model-independent approach

a Effective Field Theories )

Theoretically robust framework to systematically study
Indirect effects of new physics in model-independent way and combine
all the information from different measurements

O+ €

\ We don’t need to know this to describe the physics here )

Jorge de Blas ICEPP, The University of Tokyo Seminar
Univ. of Granada December 5, 2023



The Standard Model Effective Field Theory
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Effective Field Theories for BSM physics

e Effective Field Theories for indirect tests of new physics

What direct searches look for

(e.g Z° search in dilepton spectrum)

%J E 1T T 1 | 1T T 1 | 1T 171 I 1T 1T 1 | 1T 1T 1 I 1 : Dlillepltoln lBklgI 1T 1 E
(@) ~ -+ Pseudo-Data m
w 10°§ =
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& al n
g 10°F E
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10° E
10 -
1 ;r | I | I 11 1 I | I | I | Y I | I | I | I | Y I | I | Y I | I | I |
500 1000 1500 2000 2500 3000 3500 4000 4500
Dielectron Invariant Mass [GeV]
L=Lsym+ Lz + Lsv—z
Jorge de Blas ICEPP, The University of Tokyo Seminar
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Effective Field Theories for BSM physics

e Effective Field Theories for indirect tests of new physics

What indirect searches look for

(e.g Z° effects in dilepton spectrum)
If Ecoir < M7z one can still test

IIII|IIII|l||||lIII|[II]|IIIIIIIII|III[

g - Eon " =Diepton iy virtual effects of NP looking for
w  10° “ : N “deformations’” in SM measurements
d " ] Z' . (3 TeV) 5
2 10 : | For Econ << Mz these low-energy effects can be
3 : . . .
o ' = | well described by effective interactions
10° - i T: N V2 Vs
E 1*. | q®> K M2
10° £ = >
— I ]
- Noresonance | o —
10 = (2 (0
0 = butzSM | | 3
1 - | o | | | In general, the whole set of such possible
500 1000 1500 2000 2500 3000 3500 4000 4500 deformations can be studied with minimal

Dielectron Invariant Mass [GeV] reference to the nature of the UV theory

L=Lsym+ Lz + Lsm—z TN,

EEFT
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Effective Field Theories for BSM physics
e The philosophy of Effective Field Theories:

O +— €

We don’t need to know this to describe the physics here

® We are interested in exploring BSM deformations without being “attached” to
any particular model (no reason to do so)... What is reasonable to assume?

v QFT

v At low-energies the particle content seem to match the SM one

»  No new particles with masses ~ vew showing up in direct searches

(Though this possibility cannot be completely excluded and much
lighter particles also possible)

v Similarly, SM gauge invariance seems to work well...
(With respect to current precision... )

e This (+ a power counting rule) is actually enough to build an Effective Field
Theory, which provides a robust theory framework to interpret experimental
indirect tests of new physics

Jorge de Blas ICEPP, The University of Tokyo Seminar
Univ. of Granada December 5, 2023



The Standard Model Effective Field Theory (SMEFT)

e SMEFT: general, theoretically consistent, QFT description of BSM effects for
E<A (EFT cutoff) with minimal assumptions:

e Mass gap with new physics: A>v (justified by absence of new particles in
direct searches)

= Low-energy particles & symmetries: SM (Higgs in 2~SU(2).)

® Power counting: Decoupling NP. New effects =@ 0 as A— o0
= Expansion of BSM effects in 1/A

0—— m
A

to describe the physics here

Lyv(?) — Lgg = 22024 ﬁﬁd = Lsm + %55 + ﬁﬁﬁ + .-

E < A Observable d—4
_ | d . ] — Effects i
£d Zz C’L Oz [O’l] d (A) q:’U,E<A

Leading Order (LO) Beyond the SM effects (assuming B & L)
= Dim-6 SMEFT: 2499 operators

Jorge de Blas ICEPP, The University of Tokyo Seminar
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The dimension-6 SMEFT
e LO SMEFT Lagrangian (assuming B & L) = Dim-6 SMEFT: 2499 operators

Warsaw basis operators (Ignoring flavour)

Operator Notation Operator Notation
(leule) (") O
(@) @r'a) O (@Taqr) (@7 Tagr) Ol
_ 1 7 -
(ZL%JL) (z7"qr) Ol(q) (ZL%UCLZL) (@z7"0aq1) Ol(s)
(eR%teR) (erver)  Oee
(umm) (@Y ur) Ol (drvudr) (dry'dr) Oy
’LLR’)/MUR (dR’YudR) Ol(ii) UR’YMTAUR) (dR’)/MTAdR) Ol(fi)
(ervuer) (Wry"ur) Oey (€rVuer) (dry"dR) Oed
(lLfY,ulL) eRfY'ueR) Ole <QLfy,uq )<€R7M€R> Oqe
(levule) Wryur) O, (leyule) (dry*dR) O
(@cv.qr) (UrY"ur) Of(ﬂlt) (@cvuTaqr) (Wry*Taur) O((]i)
_ — 1
(@ruar) (di’V“ dR) Oéd) (@7, Taqr) (dry*Tadr) Oéi)
(Ier) (drar) Oledq
(@ur)ios (@dr)” O (@ Taur) ios (@ Tadr)" O,
(Irer) io2 (@ur)’  Olequ (Iug)ios (qrer)” Ogetu
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Operator Notation Operator Notation
(6'0)0(#'6) O i (¢10)° Oy
e _ <~ —
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December 5, 2023




The dimension-6 SMEFT
e LO SMEFT Lagrangian (assuming B & L) = Dim-6 SMEFT: 2499 operators

Fine... But what do we do with all this?...

How do we use EFTs as a tool for indirect searches?

Jorge de Blas ICEPP, The University of Tokyo Seminar
Univ. of Granada December 5, 2023



Effective Field Theories for BSM physics

e EFT as a phenomenological tool for BSM studies: Two approaches

High Energy

Many observables but
you only need to compute the EFT predictions once!
i

= Match to model

EA 1
f,’ " Phenomenology Constraints
© 1
= I
1| B _
& @;tralnts on
1 Model parameter
v S~—
a ( )
Signal of NP?
SM c EFT Limits on NP?
\_ _ Correlations |
Low Energy

Jorge de Blas ICEPP, The University of Tokyo Seminar
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Effective Field Theories for BSM physics

e EFT as a phenomenological tool for BSM studies: Two approaches

High Energy

UV theory/BSM
i

What can we learn about BSM?

= Inverse problem

>

Phenomenology Constraints

Matching

Constraints on
EFT parameters

Bottom-up

llllllllllllllllll
“ h‘

394

Signal of NP?

Limits on NP?

kCorrc-)latlons y

SM C EFT

: Flavor Struct. :

Low Energy

*
-------------------

Model independent (within assumptions)

Jorge de Blas ICEPP, The University of Tokyo Seminar
Univ. of Granada December 5, 2023




The dimension-6 SMEFT
e LO SMEFT Lagrangian (assuming B & L) = Dim-6 SMEFT: 2499 operators

Warsaw basis operators (Ignoring flavour)

Operator Notation Operator Notation Operator Notation Operator Notation
f f L(ste)?
[t o] R s o &
q1Yuqr) (927"q) — Oug (@27, Taqr) (7" Taqr) (67iDu0) (Tr#in) (¢iD26) (o) :
Ueyule) (@ qn) Oy (ULyuoalr) (V" ouqr) Iy (¢T¢BM¢) (€77 er) !
— iy g |
(frVuer) (FR"er) O (¢1iD,0) (@7"ar) (¢1iD26) (@7 outr) :
Urvuur) (Tpy"ur)  Ouu I (dryudr) (dry"dr) (61iD,&) (Tav uz) :
| uryuur) (dpy*dr) o) Ry, Taur) (dpy*Tadg) iy
(erYuer) (URY"UR) ~ Ocu (eryuer) (dry"dr)  Oc (lo""cr) 6 By Ou (Lo er) 09 We, Oy
— — — v B , C)u —— UV o? Wa,/ T
(LL’YMZL) (ery"er) O (QL’VMC]L) (erY"er) Oge tZingg j;tj:, udi ((Zig’”uag)l 0”% WE,, Ud:VV
(ZL%LZL> UR'YMUR) Olzla UL%LZL) (dR’YMdR) Ol I (q_LO-NV)\AuR) ¢Gﬁy Ouc I (q_LO“”)\AdR) befy Ouc
(@vuar) (@r ur)  Ogd (@1 Taqr) (@ry*Taur)  Ogu —
(@vuar) (drydg) O (@vuTaqr) (dry"Tadg) O (#'¢) (lder)  Ou
d g - g (¢'0) (wdun)  Ous (¢'0) @ ¢dr)  Ous
(lrer) (drqL) Otedq
(@rur) io (q_LdR): oL, (@ Taur)ios <q—LTAdTR>T oL #6 BuBY O,
(lLeR) io—Q (q_LuR) Olequ (lL’LLR) ’1:0'2 (q_LeR) Oqelu ¢T¢ Wa We mw O¢ﬁ7
$loap W, B Oy
oo GAGAw O,
CP-even dim 6 ops. interfering with SM y Cabe WEYWEPW R Oy, e W“ Whewer O

Fine GAGERECTE ™ 0 fane GAVGEeGCE O

[Ewpo], EW diboson | Higgs  Top (Had. Coll., Lept. Coll.)
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The dimension-6 SMEFT
e LO SMEFT Lagrangian (assuming B & L) = Dim-6 SMEFT: 2499 operators

Warsaw basis operators (Ignoring flavour)

Operator Notation Operator Notation Operator Notation Operator Notation
f f L(ste)?

[l l) o] RIS LS,
q1Yuqr) (927"q) — Oug (@27, Taqr) (7" Taqr) (67iDu0) (Tr#in) (¢iD26) (o) :
(ZL/Y/LZL) ( /VMC]L Ol\;) (lL/Y/LO-alL) (q_L/VMO-aQL> lg (¢TZBM¢> (@’Y“@R) i

(€ryuer) (€ry"er)  Oee (¢%iDug ) (@ar) (¢1iD26) (@7 outr) :
EW%UR) (UrY"uRr) 0&? | (drvudr) (dry"dr) (61iD,&) (Tav uz) )
LUrYuUR) (dry*dgr) O Ry, Taur) (dpy*Tadg) '

(erVuer) (UrY*ur) Oey GRVMGR) (dR’VMdR) Oea l.o"eR) ¢ By, O, (Ioo™er) oW Oy

7 [ | (qLo* ur) ¢ B Oub (qro*’ug) oo Wy,  Ouw

(Iyuls) 63’7263) Ole (qzVuqr) (BRWZLBR) Oye (qLU””dRWﬁZy o (q‘”ﬂm‘_U_lLa AL —

Usruls) (y"ur) O Usrule) (drr"dr) O @ ) oGl 0w | (@0 Nd) Gl Ou

(q_L’Y,uQL) (/LEW/'MUR) O({f; (C]_L’YMTAC]L) (@WMTAUR) O(gg) (¢T¢) (E¢€R) O A

TS I ar I _ c
(@ae) (devtdr) O, (@uTaqr) (dey*Tadr) O, \ (') (T $un O, (6'6) (@ ¢ dr) Ous

(lrer) (drqL) Otedq
(@ ur)io: (qdr)’  Ofy (@ Taur) ios (@Tadr)" O 66 BuB" Oy
(Irer)ios (qrur)”  Ouequ (Iug) ios (Grer) " Oyetu ¢l Wi, Wenr O

$laap We,Br O~

¢lo G4, G O,
an dim 6 ops. interfering with SM y Eabe WEYWEPW R Ow y € abe W“ YWEPWSR O

Fine GAGERECTE ™ 0 fane GAVGEeGCE O

Top (Had. Coll., Lept. Coll.)

We will focus on these sectors

Jorge de Blas ICEPP, The University of Tokyo Seminar
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The dimension-6 SMEFT
e LO SMEFT Lagrangian (assuming B & L) = Dim-6 SMEFT: 2499 operators

Warsaw basis operators (Ignoring flavour)

! Only a relatively small subset is relevant for the description )
of EW and Higgs measurements
~0(20-30) operators depending on flavour assumptions
- J

Jorge de Blas ICEPP, The University of Tokyo Seminar
Univ. of Granada December 5, 2023



The dimension-6 SMEFT
e SMEFT in the mass eigenstate basis (unitary gauge). LO EVV/Higgs interactions:

4 h )
ALIVY = . lzacw my Wi W, +8c.mzZuZy + cwng” (W oWy, +h.c.) +c:08°ZudyZuy + cy188' ZudvApy
-
Q ; 2 2 2 12 2 12
_ 2 a + -
< N o g2 W, Wy + coq g4 G2\ Gy + Cyy %AMVAMV e, SVE : 8 ZuvAuy + - %ZWZ#V
e S
-
=)
S oc, = Oc,+40m,
Z Cww = Cgppz+2 sin’ 0,,Czy + sin* 0, Cyy,
I 1 ) i
(;5 coll = p [gZCZD +g'20ZZ — ¢%sin? Oy Ccyy — (g2 —g 2) sin’ Gwczy}
(7)p) _ 1 2 2., 12 2. 2 12
5 G0 = g 2¢°co+ (g7 +8 ez —e“cyy— (85— 8 eyl y
T o
O
= f g/2 \
~ &) ALTOC = ieSKky AMYW,W, +igcos®, [5glz (Wi, W H — W WHHZY 4 (8g17 — 7 5%y) Z’“’WJWV_]
c O
o ] _ _
= % +lg/;Z (sin 6, W, "W, PAD +cos 6, W, "W, pZﬁ) ,
© my, y
o
2 \
5 R nee D & =
“E’ E\ AL, — Z oyrmyff+h.c.
© f€u,d,e
g 4 )
0 § vff s 8 AT
g: = AL, = 5 1+2V W, (5g V7u6+5gL u}/ucH—SgR u}/ucH—h.c.)
T .
V4
= + Vgrtg'? <1+2 ) Y S fvuf+ Y S Fwuf
\_ A f=u,d,e,v f=u,d,e J
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The dimension-6 SMEFT

e SMEFT in the mass eigenstate basis (unitary gauge). LO EVV/Higgs interactions:

4 )
h
. [250wm%VWqu_ —|—50Zm%ZHZu + Cw g2 (WJ&VWJV —|—h.c.) + ¢, g2zuavzw + ¢y gg’Zuav 0w
-~
o N 2 2 2 2 o2 2, 2
_ e e -+ +
uol) AN +Cw %WJquv‘i‘ng %SGZVG?W"‘CW T AmvApy + ey g2 : ZuvApy + ¢z %Z
= Ss
N Sc, = Oc,+4m, Richer structure of 2V'V interactions than SM
E Cow = czz+2$in2 Gwcz},—i—sin4 0, Cyy,
I 1 ) i
(;5 cwl = PR [gZCZD +g'?%c,. — e*sin? B Cyy — (g* — g'?)sin? Gwczy}
(7p) _ 1 202 2,02 2 212
x k Cymp = gz_g,2 [ 8 CZD+(g +8 )CZZ_e C}’}’_<g — 8 )CZ}’}a J
-
2
—I ALTCC = oS, APYW[ W, +igcos B, |Sgiz (W W H —W, W™ ZV + (5g1, — ﬁé ZMWIW, A
.. S = leoky u Wy +18C0s by, g1z ( uv uv )Z" + (6812 22 KY) u "y
c O
.9 & lg)'Z in O W—f—VW_PAN 0 W+VW_pzl~L
_,‘_6 = —|—m2 smo, W, "Wy, "Ap +coso, W, "Wy, "Ly |,
9\ " J
-
% S~ hif h 8 7
: S ALY =2 Y Syrmff+he.
© f€u,d,e
©
o [ T
O)
g | =
T 3
S
\_ ,

hVff contact interactions (not in SM)
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The dimension-6 SMEFT

e SMEFT: Keeps tracks of correlations imposed by gauge invariance and linearly

realised EW symmetry

“Linear” EW symm.

SM gauge invariance

0 )
¢:%<v+h> D= On+ 194
Zuu Z\/VW< hZuu
v h _
u
\_
( ; U v
((iDu9'D.#Bu ) " oz " oz
| | Integrate v
v | Oh | by parts hZ 0,74
ZWWIW, - - - < = - ., w
J13%
|44 W Z
v+ h
laTGC| |HVV|
(Wov)(Wo) < (0h)(Zv)

Jorge de Blas
Univ. of Granada
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The dimension-6 SMEFT

e SMEFT: Keeps tracks of correlations imposed by gauge invariance and linearly
realised EW symmetry

“Linear” EW symm. SM gauge invariance
a1 0 B .
‘I’—E<v+h> Du=0u+194,
~ )

Use EWPO (Z-pole) to constrain 41Zff interactions (Higgs)

1.0- M LEP-2 (WW)
B Higgs
B LEP-2 + Higgs

0.5¢

Use di-Boson (aTGC) to constrain 2
hVV interactions (Higgs) AT ——— . ]
(or viceversa) *

-0.5¢

-1.0b_. ‘ ‘ I
-1.5 -1.0 -0.5 0.0

A. Falkowski et al., PRL 116 (2016) 011801 981z

-
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The dimension-6 SMEFT
e SMEFT in the mass eigenstate basis (unitary gauge). LO EVV/Higgs interactions:

(" )
agiv o [zg/wmngng ‘%Zuzu o8 (Wi d Wiy +he) 2zuavzuv + 28 79 Auy
-
= k 2 12 2 12
a a V& T8 +8
uol) k 2 uv Ltv Gqu @AHVA#V @2—214"‘4#" %Zuvzﬂv
= o~
I‘l‘ Scw = Oc+ @ Richer structure than SM \
Z Cong = Cox+ 280" By +sin’ Oy, O 13 independent d.o.f.
(ID cwo = 2 —lg’2 [gzczg +g'%c.—é*si (not counting flavor)
‘% | 2 o // Connected to other par via
/
§ L 90T g g 287+ (g7 ¢ e SMEFT corr. J)
T )
12
T! % A @ATGC ie%AﬂVWJW; +igcos B, [5}(2 (WL WH =W W ZY 4 (57 — i—z%zuijwv‘]
c
o zis |
= % -I-@sin 0, W, W, PAp +cos 6, W, VW, pz,‘j) : Only Az is independent
-§ 9 My 691z and Ok related to HVV couplings )
3
hff
“E’ EQ Z ‘mfff—i— h.c.
© f€u d,e
P
®
o (8 ; 2
§» é AL = \% 1+2;) W (€V7ue+5;{"ayud+@ﬁyud+h.c.>
)
L =
S - g2+g’2<1+2 ) Y EDiws+ Y Ce)ins
\_ A f=u d e,V f=u,d,e J
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The dimension-6 SMEFT
e “Many” EFT operators enter in Higgs processes at LO (tree level and O(1/A2)):
O=0sm+),a:%

“Model-independent” only when including ALL contributing operators

e But SMEFT automatically incorporates correlations between Higgs and other
processes imposed by gauge invariance + linearly realised EW symmetry

Study the different sectors globally
(i.e. including all operators)

= Use Global fit (i.e. EW/Higgs/Top/Flavor)

to constraint all directions

® |n what follows | describe the inputs and the results of the global SMEFT studies
performed for the 2020 European Strategy Update & Snowmass 202 |

Jorge de Blas ICEPP, The University of Tokyo Seminar
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Higgs physics
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Higgs physics at the HL-LHC
e Higgs physics at the LHC

Higgs couplings in “x framework”:
From on-shell measurements

I
& uf = BR :’(1'2'2’9% (o.BR)(i->H->f):O'F i
: . BR H
ggH: bl Seoooo q Ogy SM Ky . |
Vs = 14 TeV, 3000 fb™' per experiment
g
\ J | Total ATLAS and CMS
a q ~\ —_— StatIS'[.ICal HL-LHC Projection
—— Experimental
—_— Theory Uncertainty [%)]
VBF: Tot Stat Exp Th
KY —. 1.8 08 1.0 1.3
q
\ s Kw = 1.7 08 07 1.3
é Y «
8 __H — 1.5 0.7 06 1.2
- — z 0(2-10%)
- Tt Kg — precision 25 09 08 21
+
\_ i g MZJ Ky B= 3.4 09 1.1 3.1
(" q t g TTTTo——— t ) Kb 3.7 1.3 13 3.2
. H — 1.9 09 08 15
ttH: . T
w = 43 38 1.0 1.7
q t g TTTTTe—<—— 1§
\. J/ Kz, BV= 9.8 7.2 1.7 64
Run 2: ~8x10¢ Higgses collected 0 002 004 006 008 01 012 0.14

HL-LHC: 15x106 Higgses/year

Expected uncertainty

Jorge de Blas

Univ. of Granada

ICEPP, The University of Tokyo Seminar

Higgs mass: expected AMu~10-20 MeV

December 5, 2023



Higgs physics at the HL-LHC
Higgs couplings in “x framework”:

From on-shell measurements

® Higgs physics at the LHC
4 )
& (__0.BR _K.K (0.BR)(isHf)=Ji
' Ou,. BR K Ly
ggH: t,b _____ H SM SM H
. However, these only allow to measure
\ J/ “ratios of couplings”
) : .. .
[ d Flat direction in « fit
VBF: if new d.o.f. contribute to I'n
\_ ! J
é )
g __-H X2
VH: Voo
4 =100
g W+ . S/ y O:g 80
- 1 60
r - - J— ; ) | 40
ttH: I : N &
\ q ( g TroTTR——— y : ,",/ CMS HL-LHC projection
0.0 WE ]
Run 2: ~8x106 Higgses collected ! S ‘ i
- - 6 Hi
HL-LHC: 15x106 Higgses/year (BReXO BRI /ﬁﬁmv)
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Higgs physics at ete- Higgs factories

® Higgs physics at the e*e- colliders

[ ) ) B | i DAL R B ] ]
& o . 0z1(240 GeV) ~200 fb | —ee-Hz | —
b B WW - H |
o - -
L y 1502— —;
r ) - ]
100_— =
WWH: 501 _ =
300 220 240 2&0 28|0 3(;0 32|0 34]lO 3(150 38[0 400
\_ ) 's (GeV)
s Some example numbers (FCCee): h
Statistics (2IPs): But in a clean environment:
106 (ZH) Higgses -No pileup

~105 (WWH) Higgses -Beam background under control

X -E, p constraints )

( 4 IPs: 1.7x Stats using same running time )

Jorge de Blas
Univ. of Granada
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Higgs physics at ete- Higgs factories

e Higgs physics at the e*e- colliders: Recoil mass measurement
Tag the Higgs from ZH looking at the Z in, e.q., Z—pp-

FCC-ee Simulation (Delphes)

>
& B — ZH 7 ]
2 100001= Vs = 240 GeV B ZZ —| Inclusive
S | L=5ab” L . W 1 ete—ZH
k2] - ete = ZH - uu + X Other Backgrounds - .
3 8000 |— -gross section
() — ]
6000 |— /‘»_
4000 — —
et - -
2000 — ]
Z O B 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 ]
20 60 80 100 120 140 160
Mecoi [GEV]
-

M2

Recoil

Measurement of 6zn1 = Absolute measurement of HZZ interactions (not ratios)
Precise Higgs mass determination: AMu~ O(MeV)

Jorge de Blas ICEPP, The University of Tokyo Seminar
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Higgs physics at ete- Higgs factories

e Higgs physics at the e*e- colliders: Recoil mass measurement
Tag the Higgs from ZH looking at the Z in, e.q., Z—pp-

/ Measurement of 6z + Rates = Determination of H couplings & widthx

é 4 ) Sive
g
From same 240 GeV run +—— oczuBRz7z If,’—:[z ZH
4 pction
ocww —HBRpp X 9HZZ
From 365 GeV run _TUZHBRbeUZHBRWW g D
-

Measurement of 6zn1 = Absolute measurement of HZZ interactions (not ratios)
Precise Higgs mass determination: AMu~ O(MeV)

Jorge de Blas ICEPP, The University of Tokyo Seminar
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Higgs physics at ete- Higgs factories
e Higgs physics at the e*e- colliders:What do ~10¢ Higgses bring to the table?

E.g. FCCee Higgs precision (2IPs)

NG 240 GeV 365 GeV ;
Integrated luminosity 5ab (3 yrs) 1.5ab~ (4 yrs):
Channel Z/H vy, H /H vw, H :
H — any +0.5 +0.9
H — bb +0.3  +3.1 | £0.5  +0.9
H — cc +2.2 +6.5 +10
H— gg +1.9 +3.5 +4.5
H— Ww™ +1.2 +2.6  £3.0
H — 77 +4.4 +12 +10
H—71"7 +0.9 +1.8 +8
H — vy +9.0 +18 +22
H— ppu” +19 +40
H — invisible < 0.3 < 0.6

(H — 27 +17" «— Ongoing study. )

Extrapolated from CEPC precision

Statistical uncertainties:
Experimental systematics not expected to
be a limiting factor for Higgs measurements

Jorge de Blas ICEPP, The University of Tokyo Seminar
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Higgs physics at ete- Higgs factories

e Higgs physics at the e*e- colliders:VWhat do ~10¢ Higgses bring to the table?

E.g. FCCee Higgs precision (2IPs)

NG 240 GeV 365 GeV ;
Integrated luminosity 5ab” " (3yrs) 1.5ab~ (4 yrs):
Channel Z/H vy, H /H vw, H :

— any @

— bb +0.3_J +3.1 { £0.5) 0.9
H— 2.2 D +10
H— gg +1.9 +3.5 +4.5
H—-WW" +1.2 +2.6  £3.0
H — 77 +4.4 +12 +10
H—71"7 +0.9 +1.8 +8
H — ~~ +9.0 +18 +22
H— utu” +19 +40
H — invisible < 0.3 < 0.6

(H — 27 +17" «— Ongoing study. )

Extrapolated from CEPC precision

Statistical uncertainties:
Experimental systematics not expected to
be a limiting factor for Higgs measurements

Jorge de Blas
Univ. of Granada

ICEPP, The University of Tokyo Seminar

December 5, 2023

0.5% precision in ozn

SM: 1-loop EW corrections ~3%

Tests of quantum corrections
iIn the Higgs sector




Electroweak physics
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EW physics at ete- Higgs factories

® Future et e- factories will also help us improve our knowledge of the EW

interactions:

[y
=)
wn

e |mproved Z pole run: s /4
> LEP/SLC: ~ I 07 Z — O(O. I - I O/O) 2104_ ete —hadrons E
g \
O A
\
> FCCee/CEPC: 1012 Z wik \
> ILC (GigaZ): 10° Z 2 A
10~
é h Lo TRISTA I
Z-pole EWPO: [ KEKB THISTAN S_LC -
M r 0'0 Sinzelept PpOl A Ao,f RO o E_IIIIIJEPIIIIL]IEPIIII—E
L Z Z had? Eff T I FB> f p 0 20 40 60 80 100 120 140 160 180 200 220
Centre-of-mass energy (GeV)
e Significantly lower stats at linear colliders but can benefit from use of
polarization = Extra observables wrt unpolarized case. E.g. asymmetries
éa . Y
Polarized beams
f . h — 1
Ay = 9 Unpolarized beams ALR = S hontiEy = Ae
gLf+ng
f _ orp—op __ 3
AFB ~ ortoB 4A€Af Af — 34
LR,FB — 41“'f
\ S
\ S
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EW physics at ete- Higgs factories

® Future et e- factories will also help us improve our knowledge of the EW
interactions:

[y
=)
wn

= I
® |mproved Z pole run: = Z
» LEP/SLC:~I107Z — O(O -1 %) %104_ e'e —hadrons E
S
» FCCee/CEPC: 1012 Z _
> ILC (GigaZ): 10° Z )

10%ED0ks | E

r N E T PRETRA I *teteenq -
Z-pole EWPO: [ ks TsTaN - SILC 3

M F 0'0 Sinzelept PpOl A Ao,f RO 10 E_IIIIIJEPIIIIL]IEPIIII—E
s Z> 2> Zhad’ Ef > Sr > SN SAFBy TNf ) 0 20 40 60 80 100 120 140 160 180 200 220

Centre-of-mass energy (GeV)

e Significantly lower stats at linear colliders but can benefit from use of
polarization = Extra observables wrt unpolarized case. E.g. asymmetries

e Furthermore, all Higgs factories can perform “Z-pole” EW measurements
using radiative return to the Z from 240/250 GeV

® Projected precision for EWPO: improvement in some cases of more than
| order of magnitude

Jorge de Blas ICEPP, The University of Tokyo Seminar
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EW physics at ete- Higgs factories

¢ EW measurements also important for Higgs interpretation at “low-energy”
ete- Higgs factories:

T T T T T T T T T T

— Total |
o CEPC 2018

— WW fusion
— ZZ fusion

T I T

Total

1501

100

T

50}

e*e’ -»vvH(WW fusion)

200 250 300 350 400
/s [GeV]

e With the precision of Higgs measurements expected to be close to per
mille level in several cases, we need our knowledge of the EW interactions
to be precise enough to neglect EW uncertainties in the extraction of Higgs
properties. (Is LEP/SLD enough?)

Jorge de Blas ICEPP, The University of Tokyo Seminar
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EW physics at ete- Higgs factories
e Also important is to measure the properties of the W bosons:

(Mw, Tw, BRw_;

e As well as pure gauge boson interactions, e.g. anomalous Triple Gauge
Couplings (aTGC)

® Previously studied following LEP2 experience, using binned cos 0w differential

distributions in the aT GC-dominance approximation (relevant also for Higgs
interpretation within the SMEFT)

+ '
f e f ¢ f

P aTGC dominance:
sizable NP effects only in aTGC

fllf

In JHEP12 (2019) 117
we prepared a global SMEFT study of WW
using all differential info and the formalism of
“Optimal statistical observables”
(Later updated for the Snowmass 2021 studies)

Jorge de Blas TTTTTTTTTTTTTTTTTITTTITTTTTTTTTTUTTTTTTY The University of Tokyo Seminar
Univ. of Granada December 5, 2023



Optimal Observables

® (Consider a Phase-space distribution linear in some coefficients c¢;:

do

(SMEFT: S((I)) = j—g SO((I)) = 13 SM CiSi((I)) — do )

d® |Interf. SM—NP

® |n the limit of large statistics, the observables (

__ Si(®)
O;(P) = Se(3)

See e.g., Z.Phys. C62 (1994) 397-412 Diehl & Nachtmann)

provide the most precise statistical information about the coefficients c;

Ci

around the point ¢;=0, Vi

cov(c;, cj) = (Lqu)si(;))(iﬁ)(q)))_l + O(ck)

OO minimize the volume of the 1-o ellipsoid

® |dealized (no systematics) = We compensate omission of systematics via

conservative selection efficiency ¢
L — el

(For this study we take as default 45%. Chosen to agree with results of ILC 500 GeV studies)

Jorge de Blas ICEPP, The University of Tokyo Seminar
Univ. of Granada December 5, 2023



Optimal Observables

e diBoson process:E.g. ete” - WTW™~ — jjbv, £L=-e,pu
S(®) = So(®@) + X; c:Si(D)

So(®) = 33 ciSi(®) = % )

d® |sMm d® |Interf. SM—NP

Optimal Observables function of 5 angles

S((I)) — d cos HdeoldCcigsel dp2d cosg,
ot i ot f
) 5% Eull dim-6 SMEFT parameterization at LO:

" W e 10 independent BSM deformations

e o e o

C; — {59127 5"37’ Az, ((SQIZ,,eR)ea (59},”3”)&9 (5gyud)qia 6m.}

Jorge de Blas ICEPP, The University of Tokyo Seminar
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Optimal Observables

e diBoson process:E.g. ete” - WTW™~ — jjlv, L —=-e,pu

4 )
precision reach of aTGCs at CEPC 240GeV

0.0015 | M¥ binned distributions, €=80% | ¢: signal selection efficienc .
i Bl optimal observables, €e=80% | __ .g . . d
Bl optimal observables, e=50% | T : individual fit
5.6/ab, e*e">WW semileptonic channel, statistics only]
Bin distr.
i Bin distr.
- 0.0010+- .
O - Bin distr.
0
&)
D
4 Q- B
1 0.0005+ (0]0) -
i (0]0)
(o]0
0.0000 : '

OO0 vs. cos Oy distr: Improvement in aTGC ~2-4x

Jorge de Blas ICEPP, The University of Tokyo Seminar
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Optimal Observables

e diBoson process:E.g. ete” - WTW™~ — jjlv, L —=-e,pu

4 )
precision reach of aTGCs at CEPC 240GeV

0.0015 | M¥ binned distributions, €=80% | ¢: signal selection efficienc .
I Bl optimal observables, €e=80% | __ .g . _ y
Bl optimal observables, e=50% | T : individual fit
5.6/ab, e*e">WW semileptonic channel, statistics only] N
Bin distr.
i Bin distr.
- 0.0010+- -
O - Bin distr.
R
[8)
D
o i
0.0005+ (0]0) N
i (0]0)
(o]0
0.0000 : '

OO0 vs. cos Oy distr: Improvement in aTGC ~2-4x

But cannot resolve all EFT pars with WI only,
e.g. 2 flat directions in (dg:z, ogL., dgr.) at amplitude level

= Combine with EWPO/Higgs in global study

Jorge de Blas ICEPP, The University of Tokyo Seminar
Univ. of Granada December 5, 2023




at future colliders
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SMEFT fits at future colliders

® Collider scenarios considered in the SMEFT studies
Snowmass 2021
Machine | Pol. (e7,e™) Energy | Luminosity )
HL-LHC | Unpolarised 14 TeV 3 ab™! H'LIH—FPR'IT“
250 GeV | 2 ab™! ‘
. (F80%, £30%) | 350 GeV | 0.2 ab™! . h,
500 GeV | 4 ab™! IHHU
(F80%, £20%) | 1 TeV 8 ab~!
380 GeV 1 ab™!
CLIC (£80%, 0%) | 1.5 TeV | 2.5ab?
3 TeV 5ab~!
Z-pole 150 ab™?
2mw 10 ab™!
FCC-ce Unpolarised | 240 GeV 5 ab™!
350 GeV | 0.2 ab™!
365 GeV 1.5 ab™!
Z-pole 100 ab™!
2mw 6 ab~!
CEPC Unpolarised | 240 GeV | 20 ab™!
350 GeV | 0.2 ab™!
360 GeV 1 ab™!
125 GeV | 0.02 ab™!
MuC Unpolarised 3 TeV 3ab ! =~ _Z
0y | 0w P

Jorge de Blas
Univ. of Granada

ICEPP, The University of Tokyo Seminar
December 5, 2023




SMEFT fits at future colliders
e Summary of inputs used for A SMEFT studies

Snowmass 2021

é Higgs h
. . EWPO
Rates (signal strength) Higgs diBoson (WW,W2)
S U BR (Z pole, my, ...
H = oSM.BRSM
(Inclusive) cross section Yes () pp—WW, WZ Differential LEP/SLD
. Info
oz =o(ete” — ZH)
Only possible at
L lepton colliders p Yes (4, 0z1) ete-—WW—All Yes
(Complete with HL-LHC) Optimal Obs. (Tera 2)
aTGC
6glz9 5’4’77 )\z
Yes (“’ O'ZH) e*e'—>W+W—>AH YeS
r EWPO ~ (Complete with HL-LHC) Optimal Obs. (Rad. Return, Giga-2)
Mgz, Tz, Tz 5y Abpirs -
Yes (U, ozH) ere—>WW—-AIl Yes
Mw, 'w, T'w_y (Complete with HL-LHC) Optimal Obs. (Tera 2)
Z physics via Z-pole:
= : +te—
Vs =Mz: efem — s e Yes (1, 0z ete W WALl Yes
or Rad. Return: H, OzH Optimal Obs. (Rad. Return, Giga-2)
VS>Myz: ete” - ~vZ —~X
\_ _J
: Muon Yes (u) .
See Backup_slldes ST 195 GoV/3 810 ToV Optimal Obs. No. From LEP/SLD
for details
Jorge de Blas ICEPP, The University of Tokyo Seminar

Univ. of Granada December 5, 2023



SMEFT fits at future colliders

® Fit assumptions (limited by the amount of available projections)

SMEFT assumptions

SMEFT truncated at the dim 6 in the EFT expansion (Calculations performed in a modified version of
the Warsaw basis)

CP-even operators

Neglect effects from 4-fermion operators other than the 4-lepton operator contributing to x decay
(and hence to Gg).

4-fermion operators assumed to be constrained better in non-Higgs processes (e.g. pp — ff or
ete- — ff at high E)

No dipole operators (Relevant for general analysis of Top processes, but are neglected in our studies)

Flavor assumptions: non-universal but flavour diagonal (30 NP pars)

Neutral Diagonal: SMEFTnp fit

-Hff and Vff (HVf}) diagonal in the physical basis -Better for exploration of H & EW

. . . - capabilities at future colliders
-Vff (HVff) flavour universality respected by first 2 quark families _Cﬂmbersome from model-building

point of view to avoid FCNC

Parameter counting in the parameterization of LHCHXSWG-INT-2015-001 Higgs /VVV
SMEFTnDp = {0m, Cggy OCzs Cymys Czmyy Czzs Cz[0y OYts OYcy OYby OYry OYp, Az }

+ {(097™)qs» (095 %) qi» (097" )5 (097°)es (095 ) qi» (095 ) s (095°)e |

VIif/hVif 5 SM + 30 New Physics Parameters

q1=q27#q3, L=e,u,T

Jorge de Blas ICEPP, The University of Tokyo Seminar
Univ. of Granada December 5, 2023




Fitting framework

General strategy for calculation of future sensitivities

® Fit to new physics effects parameterized by the dimension 6 SMEFT:

v Bayesian fit using

v Sensitivity from posterior info (NP-parameters/Observables errors/limits)

® Assumptions:

v Likelihood: SM predictions as central values for future “experimental”
measurements. Errors given by projected experimental uncertainties.

v Baseline: Results for each future collider given in combination with LEP/SLD and
HL-LHC

V' SM theory uncertainties: SM intrinsic and parametric uncertainties reduced
according to future projections. Parametric included in default analysis. Intrinsic
studied separately

v New physics effects:Working at the linear-level in the EFT effects (interference

with SM amplitudes) O = Ocrs + 6Onp L
= Usm NP Az

Jorge de Blas ICEPP, The University of Tokyo Seminar
Univ. of Granada December 5, 2023




SMEFT fits at future colliders

e Results typically presented as bounds on the Wilson Coefficients/Interaction
scale of the new operators:

95% CL reach from the full EFT fit (Warsaw)

3E : — : 1106
10 E M HL-LHC S2 + LEP/SLD Ml ILC 250GeV Il CLIC 380GeV |Ight shade: individual fit (one operator at a time) H 10
- Il CEPC Z/WW/240GeV H ILC 250GeV/350GeV [l CLIC 380GeV/1.5TeV solid shade: global fit i
|l FCC-ee Z/WW/240GeV Bl ILC 250GeV/350GeV/500GeV | Ml CLIC 380GeV/1.5TeV/3TeV | |epton colliders are combined with HL-LHC & LEP/SLD ]
5 B FCC-ee Z/WW/240GeV/365GeV | P(e”,e")=(¥0.8,+£0.3) P(e”,e")=(¥0.8, 0) flavor universality imposed in gauge couplings »
< 10°— —310 .
m ,_ - - ~.
|_ C ~
= 3
S r ] D
- ] S
< 11— 31
0.1 10°

Oy Oww Ogg O O, O, O, O, Oy Osw Owg Or Oy Oy Ope Ong Ohg Oy Ong Oy
J.B., G. Durieux, C. Grojean, J. Gu and A. Paul, JHEP12 (2019) 117

® Pros:easier BSM interpretation  Cons: Depend on the basis, correlations

®* We will compare sensitivities projecting the SMEFT fit results into (pseudo)
observable quantities = Effective couplings, e.g.

eff 2 — 'y, x

dHx = TSM™ Effective Higgs couplings
H—>X
FZZ*
SN ~ 1+2dcz —0.15¢czz +0.41czo + ... (BW VL hVfY)
LL*

Jorge de Blas ICEPP, The University of Tokyo Seminar
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SMEFT fits at future colliders

precision reach on effective couplings from SMEFT global fit arXiv: 2206.08326 [hep-ph]
M HL-LHC S2 + LEP/SLD Il CEPC Z,50/WW3/240GeVq Il CLIC 380GeV, Il MuC 3TeV | w/FCC-ee
(combined in all lepton collider scenarios) | [ll CEPC +360GeV4 B ILC +350GeV»,+500GeV, | Il CLIC +1.5TeV, 5 Il MuC 10TeV 4
Free H Width HiLC +1TeVg v wiGiga-Z | Il CLIC +3TeVs Hl MuC 125GeVq go+10TeV g
» no H exotic decay N4 IPs subscripts denote luminosity in ab™', Z & WW denote Z—pole & WW threshold 5
o 1= ] ' : —=10”
= B E
o - 1 o
8 10_1 = — 10—3 G_'|)
& E - = E ) O
0 - = . 7
2 5o - EL 3
(o) T - e
:.3 10° =— —107° O
m ) L B &
- 10 . 10
Qo 6957 6gy" e 5qZ 6917 6K Az
IE » 10_1 E 5 10—1 -
o £ 2
O) §' - . 7
S 5102 102 8
L 9 SR
2 i ] 3
T 37 | , @
10° 10-
59%9 folo}og 6gﬂb (ol H
1072 —1072
w £ 5
C| 5 103 —107° 8
o 3 = “ 5 5
— o B W -u - . =
o £ MRS 1" g
(1v] f ]
QLJ 107° ee ee ev uy uy uv T Sq¥ Sql 107°
b/ 6971 697 = ogwy 6971 697 r 9w 69z, 9zr Gw
-E o 10-1LLimposed U(2) in 1&2 gen quarks] 110 <
R 2 =
~[ 3§02 1102 8 | Flavor assumptions:
Q E ] =2
; ; 1073 10 3 SMEFTND
LU > E ] 7]
107 Squ Squ dd dd bb bb 107
9z.L 9z R 69z, 097 R 6971 097 r
i r M 9Zeet® = 19Zce.rl”
. HX — 1SM - Z—ete™ — ) 9 ZeeL ZeeR ) e 2 2"
couplings 9« 6 sin” 0, cos? 0, |gZee ? + 195t R|
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SMEFT fits at future colliders

Circular e+e- Colliders

Future Collider Legend

Linear e+e- Colliders

Circular p+p- Colliders

l CEPC Z1 00/WW6/24OGGV20
| Il CEPC +360GeV,

lILC +350GeV,,+500GeV,
M ILC +1TeVy ' w/Giga-Z

\ C
. CLIC +1 .5T€V2_5
Bl CLIC +3TeVs

Hl MuC 10T€V10

w/FCC-ee

Bl MuC 1 25G9V0_02+1 0TeV 10

subscripts denote luminosity in ab™’,

Z & WW denote Z-pole & WW threshold

Jorge de Blas
Univ. of Granada

ICEPP, The University of Tokyo Seminar
December 5, 2023




SMEFT fits at future colliders

precision reach on effective couplings from SMEFT global fit arXiv: 2206.08326 [hep-ph]
M HL-LHC S2 + LEP/SLD Il CEPC Z,0,/WW5/240GeV Il CLIC 380GeV, S w/FCC-ee
(combined in all lepton collider scenarios) | [ll CEPC +360GeV4 B ILC +350GeV»,+500GeV, | Il CLIC +1.5TeV, 5 Il MuC 10TeV 4
Free H Width MILC +1TeVyg Vw/Giga-Z | Il CLIC +3TeV5 Il MuC 125GeV go+10TeV 4
» no H exotic decay N4 IPs subscripts denote luminosity in ab™', Z & WW denote Z—pole & WW threshold 5
o 1= | — i 10
C = =
ot C n )
3 107 2107 3
(&) E = e m
o - ]
2 1072 —=10™ ® 3
o T z
:.3 10— —107° O
© 104" ~107
Q 694 7 ok, Az
e
c 107" 10~
'; (7] I -I I
o)
o)
5
2 — Q
2 o T
- E o 1 107 5
of £ g
E 10_5 - ee ee ev MU 179 17%3% 10_5
- 6971 097 R ogwy 697, 09z r 9w
E o 10~ 3 imposed U(2) in 1&2 gen quarks] ;10—1 <
N 2 : = .
~[ 5102 1102 8 | Flavor assumptions:
o) - ] T
= 8 ey SMEFTnop
LU > E ] 7]
107 Squ Squ dd dd bb bb 107
9z.L dzRr 697, 09z r 697 097 r
- T M 9%t nl? — 195k R
. HX — 1SM Z—ete™ — ) 9 ZeeL ZeeR ) e 2 2"
couplings 9« 6 sin” 0, cos? 0, |gZee ? + 195t R|
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at future colliders
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Higgs couplings in the dimension-6 SMEFT fit

Higgs interactions

precision reach on effective couplings from SMEFT global fit

B HL-LHC S2 + LEP/SLD l CEPC Z,00/WW4/240GeV, B ILC 250GeV, [l CLIC 380GeV; [l MuC 3TeV, O w/FCC-ee
(combined in all lepton collider scenarios) | [ll CEPC +360GeV, B ILC +350GeV;,+500GeV, | M CLIC +1.5TeV, 5 Bl MuC 10TeV g
Free H Width M ILC +1TeVy Vw/Giga-Z | Il CLIC +3TeV5 B MuC 125GeV g,+10TeV 4
" ) no H exotic decay B FCC-ee +365GeV 5 V4IPs subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold 10°2
g | |
= - i L
S -1 — -3 -
o 107 - 510 Q)
(&) = m O
> 10-2. 1104 ?
5 107 3
T - B
1073 = e 107
104 14076
6Ky /\Z
10_1 — = 10—1
N - . L
8 L 7 Q
= - - ®
> @)
20 ] -2
S 107°: =107 ©
2} = - °
> S @
T 3 @
10° 10
695 59 Ol
Effective eff 2 _ LHoX
Higgs couplings ~7% ~ SN .- ;
g9 pling H—X arXiv: 2206.08326 [hep-ph]
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Higgs couplings in the dimension-6 SMEFT fit

~ )
ete- improves HL-LHC precision typically by a factor ~10
Reaching in some cases few per mile accuracy
o> 1 1
= - ,
E_ L |
-1 1 -1_ -1 _
g 107 - | O A
o = ' - -
(D — L L
S 107 i *
T . 1072 02—
107 :
1074 1073 03
6g2P 694
ANP ZJ 4500NE GeV
gsm
\_ _
Jorge de Blas ICEPP, The University of Tokyo Seminar
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Higgs couplings in the dimension-6 SMEFT fit

-
B HL-LHC S2 + LEP/SLI Fit with free I'y
combined in all lepton collider sc Flat directions
Free H Width - i ] -
., no H exotic decay Highlights the importance @ non e*e colliders
_g 1 i of low-energy ete- Higgs x/ \ 10
g_ y - | factories to obtain absolute | 7
Q 107 ¢ measurement of !
w o Higgs couplings |
g 10 107
L - (Via the measurement of 621 .
107 using the recoil mass method) i
104" oI'n ~1% precision 1073
\_
Jorge de Blas ICEPP, The University of Tokyo Seminar

Univ. of Granada December 5, 2023




Higgs couplings in the dimension-6 SMEFT fit

r . - : : A
ete- gives access to the second ...but HL-LHC still provides the
family of quarks. Very difficult leading constraints on couplings
at the HL-LHC... modifying rare decays (yy, Zy, uu)
107" 5 1
é % 10—1;_ 1071 —
o - &) = N v
o - -
3 102 8107 A
7)) . I - 10° =
> 107 -
T , : i
10 10—4_ 1073
oar!
O(1%) precision for charm coupling O(5-10%) precision
o _

Jorge de Blas ICEPP, The University of Tokyo Seminar
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Higgs couplings in the dimension-6 SMEFT fit

e The Higgs self coupling ~):

V(p) = —u2|o” + Ay |¢]" — V(h) = 3mih® + Asvh® + I A.h?

MM =AM = A, = ST & 0.129

e |t characterizes the structure of the Higgs potential. Relevant for BSM
questions, e.g. baryogengesis

e A few operators contribute to K ) in the SMEFT but only one does it exclusively:
_ C C¢U4
AE%M%FT = A—Z(gb%)?’, — 0K\ = _2m%/\2

® Two approaches |
Higgs-pair production Via loop effect in single Higgs

“000000) ‘

g - h I
Hadron , @ tHicg g
Colliders RN ;
g S h Q00000 | d
et Z ot 7
Lepton \
Colliders e '@
(8 . .

Jorge de Blas ICEPP, The University of Tokyo Seminar
December 5, 2023
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Higgs couplings in the dimension-6 SMEFT fit

e The Higgs self coupling ~):

e+e-: Requires s significantly higher
V(9) = —p2 |o|* + Ay @] — V( than nominal threshold

R

® |t characterizes the structure of the Hig
questions, e.g. baryogengesis

e A few operators contribute to K in th

_ C
AL er = 15 (070)°, =

~ 500 1000 1500 2000 2500 3000

® Two approaches /s [GeV]

Higgs-pair production

Hadron Accessible at high-energy
Colliders linear colliders /s=500 GeV

Lepton
Colliders

Jorge de Blas ICEPP, The University of Tokyo Seminar
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Higgs couplings in the dimension-6 SMEFT fit

e The Higgs self coupling ~):

V(p) = —u2|o” + Ay |¢]" — V(h) = 3mih® + Asvh® + I A.h?

MM =AM = A, = ST & 0.129

e |t characterizes the structure of the Higgs potential. Relevant for BSM
questions, e.g. baryogengesis

e A few operators contribute to K ) in the SMEFT but only one does it exclusively:

_ C C¢U4
AL er = 15 (070)°, = Okx = =257

® Two approaches
Higgs-pair production a loop effect in single Higgs

Relies on precision of
single-Higgs measurements

Colliders

Jorge de Blas ICEPP, The University of Tokyo Seminar
December 5, 2023

Univ. of Granada



Higgs couplings in the dimension-6 SMEFT fit

e The Higgs selfcoupling: Higgs precision at future e*e- colliders can test the

structure of radiative corrections

= Use single-Higgs precision to test NLO corrections from x;

e

0.010

Ao/o

ke H—___geavwvh |
0.005
0000_ PO S S S T RS S S EE S S SR B S S |
250 300 350 400 450 500
Vs[GeV]

® |Indirect determination of the precision for x; from smgle nggs f‘ ts

e’ . 4 e’ Z S A 1 M. McCullough, PRD90 (2014) no.1, 015001
', ) 0020} | S.DiVita et al., JHEP 1802 (2018) 178
b @ g O ' [ te” 1
\ = -.\ t 1
. ®h ) ®hn 0.015" |

Combination of 240+365 GeV
provide a sensible global bound
on h3 coupling
(no flat directions)

Higgs@FC WG November 2019

di-Higgs single-Higgs

collider Mndirect-h\ hh  combined HL-LHG | | | |
HL-LHC 100-200% | 50% 50% _...........................................................................................
ILC250/C"-250 49% — 49% HE L TOTTrEOOOOOIUUTE
3 ern bV ac0r Vo oanor anor = o .\.T.\.:F}}..\.T.\.;\.\}}.\.?_\.i\}}..\..\.\..\:}}........F}F......F}} ...........
ILCs500/C”-550 38% 20% 20% . _j
CLICss0 50% — 50% NN
CLIC1500 49% 36% 29% FOG. e [0r HH threshold |
CLIC3000 49% 9% 9% _“ ............... NN\
FCC-ee 33% — 33% ILC \\N |
FCC-ee (4 IPs) 24% 24% el HH sl
FCC-hh - 3.4-7. 8% 3.4-7.8% I D L o Ay
(3 TeV) - 15-30%  15-30% oo |
1(10 TeV) . - ) 4% 4% o\ \\\?O\\ 2\0\\ \\\3?\6 \:(; \]5|0. .
Combined with HLLHC 50% 68% CL bounds on k, [%]
Jorge de Blas ICEPP, The University of Tokyo Seminar
Univ. of Granada December 5, 2023

HL LHC HL LHC

.FCC eeleh/hh .FCC eeleh/hh
25% (18%)
.LE FCC .LE FCC
15%

FCC-eh,,, . ] FOC-eh

-17+24%

FCC -€€,,

-7%+11% 49% (35%

CLIC,,,

)

D CLIC, ., . ] CLiCx
36% 49% (41%)
)

50% (46 %

All future colliders combined with HL-LHC



Higgs couplings in the dimension-6 SMEFT fit

e The Higgs selfcoupling: Higgs precision at future e*e- colliders can test the
structure of radiative corrections

CAREFUL: This indirect determination may not be “robust” if other poorly
constrained operators correct the process at NLO. All operators entering at
NLO must be included. E.g. 4-Top quark operators

g

Sizable effect in production at hadron colliders Also affects
L. Alasfar, JB, R. Gréber, JHEP 05 (2022) 111 ete- measurements

Much milder effect from 4 top operators expected at e*e- (EWVV production+ inclusive ZH)

but global analysis including all operators at NLO needed to assess robustness

of K)\ determination

M ev - -oU70 -oU70 7%411% o age, (35%)
CLIC i DCLIC'S"“ DCUC‘“"
(10 TeV) - 4% 4% AV ! L] | 9% (41%
0 10 20 30 40 50 50% (46%)
Combined with HLLHC 50% 68% CL bounds on «; [%]  aifuture coliders combined with HL-LHG
Jorge de Blas ICEPP, The University of Tokyo Seminar
Univ. of Granada December 5, 2023



at future colliders: Interplay with Higgs
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EW couplings in the dimension-6 SMEFT fit

Electroweak interactions

precision reach on effective couplings from SMEFT global fit

B HL-LHC S2 + LEP/SLD l CEPC Z,00/WW4/240GeV, [l CLIC 380GeV; [l MuC 3TeV O w/FCC-ee
(combined in all lepton collider scenarios) | [ll CEPC +360GeV M ILC +350GeV;,+500GeV, | IMCLIC +1.5TeV,5 Il MuC 10TeV 4
Free H Width M ILC +1TeVy VwiGiga-Z | Il CLIC +3TeVs B MuC 125GeV g,+10TeV 4
no H exotic decav V4 1Ps subscripts denote luminosity in ab™'. Z & WW denote Z-pole & WW threshold R
-2 _lan-2
w 10 5 : 10 <
g .3
35 103 10 8
-} E B C
8 L ¥v o - -g
4 4 5
= 1 0 E - Wer E 1 0
s S
107 5qce 5qce 5qY uu uy uv 5q7 5q7 5q 107
9z1 9z R dw 09z 09z R 9w 9z.1 9zR 9w
o 10~ g imposed U(2) in 1&2 gen quarks | 210—1 <
5" 3
= B 7 (@]
a 1072 21072 ©
> = E -
8 B 7 ©
-3 | -3 5
> - ] @
107 1074
uu uu dd dd bb
697, 09z R 69z, 09z r og o9z r
i M |9Zce.Ll” = 19%ce.rl’
Eﬂ:eCtlve T N L @’ VA (‘g ‘2 4 ‘g ) A — gZeeL gZeeR
. J—eTe™ — ) Zee. L Zee,R ) e .
EW couplings 6sin? 0, cos2,, “ 95te 112 4 195k I
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EW couplings in the dimension-6 SMEFT fit

~ )

e*e- improves current precision by more than 1 order of magnitude
1072 1

2 = E 10_1

% B - =<n

= -3 -

8 107 1072 8

3 - =

O - , j=i

= 107 1078 3

> - W ] 7
107 e 107

697 697 6971 697

Radiative return measurements still bring a significant improvement in our
knowledge of EW interactions

Still, a clear advantage for the Tera Z option (and Giga Z for most couplings)
in terms of precision reach

Jorge de Blas ICEPP, The University of Tokyo Seminar
Univ. of Granada December 5, 2023




Interplay EW/Higgs in the dimension-6 SMEFT fit

a N
Impact of future EWPO in Higgs/aTGC couplings
l CEPC Z1 00/WW6/24OGGV20 BCLIC 38068\/1 < w/FCC-ee
Bl CEPC +360GeV, M ILC +350GeV,,+500GeV, | IMCLIC +1.5TeV,5 ] MuC 10TeV 1o
BWILC +1TeVy  VwiGiga-Z | Il CLIC +3TeVs B MuC 125GeV g,+10TeV g
subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold
10 Ratios, real EW / perfect EW (no H exotic decay) | T : CEPC/FCC-ee without Z-pole
2
69, oy 09, 7 oK,
\_ J
a Sa® | )
IH |53 at Impact of Z-pole run
X
N 5gH |59‘f/f50
2 B e fit assuming LEP/SLD Z-pole measurements
1 5 = fit including Future Z-pole measurements
TR EW-Higgs SMEFT correlations
.

Jorge de Blas
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Interplay EW/Higgs in the dimension-6 SMEFT fit

4 ™)
Impact of future EWPO in Higgs/aTGC couplings

. CEPC Z100/WW6/24OGGV20 . CLIC 38068\/1 w/FCC-ee
Il CEPC +360GeV/ M ILC +350GeV;,+500GeV, | M CLIC +1.5TeV, 5 Il MuC 10TeV ¢
M ILC +1TeVy Vv w/Giga-Z | [ CLIC +3TeVs B MuC 125GeV; g,+10TeV 4
subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold

10— Ratios, real EW / perfect EW (no H exotic decay) | T : CEPC/FCC-ee without Z—pole
2* T - _
59512 59\/{/VW 6gf,y 69/?/b 6glr—lr Oy 09, Z oK v
- y
[ 5g® | )
Hls5g]7 fit Impact of Z-pole run
5920 1.4
E H | 6g‘f/f =0 | FCCee ZIWW/240GeV (41P)
2 — T 1.3l =  FCCee Z/WW/240/365GeV (4IP)
i N How many Z’s to
1.59— i not hinder
I g Higgs precision?
14}
1 1.0__ -------------------
168 5-1108 169 5-1109 1610 5~1lo1° 16” 5-11011 1612 Baseline
k HZ's J
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Interplay EW/Higgs in the dimension-6 SMEFT fit

[ N
Impact of future EWPO in Higgs/aTGC couplings
. CEPC Z100/WW6/24OGGV20 . CLIC 38068\/1 w/FCC-ee
Il CEPC +360GeV/ M ILC +350GeV;,+500GeV, | M CLIC +1.5TeV, 5 Il MuC 10TeV ¢
M ILC +1TeVy Vw/Giga-Z | Il CLIC +3TeVs B MuC 125GeV; g,+10TeV 4
subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold
10— Ratios, real EW / perfect EW (no H exotic decay) | T : CEPC/FCC-ee without Z—pole
ol - . B
1 i J' -" - _ l]l — - {T | _.-‘ ]
59512 59\;QVW 6gﬁy 59;2? o9y oy 09, 7 oKy
\_ J
a 5g® | )
Hlsg77 6t Impact of Z-pole run
Sa® 1.4F
E gH | 6g‘f/f =0 | FCCee ZIWW/240GeV (41P)
2 — T 1.3k = FCCee ZIWW/240/365GeV (4IP)
; N How many Z’s to
1.59— i not hinder
i § Higgs precision?
1.4}
- =109
1 1 Y S, N
168 5-1108 610 5~1lo1° 16” 5-11011 1612 Baseline
k HZ's J
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Interplay EW/Higgs in the dimension-6 SMEFT fit

a )
Impact of future EWPO in Higgs/aTGC couplings
B CEPC Z,50/WW;/240GeV BCLIC 38OGeV1 MuC 3TeV;  Tw/FCC-ee
Il CEPC +360GeV/ M ILC +350GeV;,+500GeV, | M CLIC +1.5TeV, 5 Il MuC 10TeV ¢
MILC +1TeVy  ~wGiga-Z | Il CLIC +3TeV; B MuC 125c;ev0 02+10TeV 4o
subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold
10— Ratios, real EW / perfect EW (no H exotic decay) | T : CEPC/FCC-ee without Z-pole
2
69, oy 6g1,z oK,
\_ )
[ 5g® | )
Hlsg77 6t Impact of Z-pole run
9 &
: 5gH |59‘f/f50
2 = T Milder effect at Linear Colliders

i fit assuming LEP/SLD Z-pole measurements
1 5 - AND future 250 GeV EW measurements

B Most of the palliative effect comes from polarization:

1 B it separates contributions from y-exchange diagrams
\_ )

Jorge de Blas
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Interplay EW/Higgs in the dimension-6 SMEFT fit

Impact of polarization
precision reach on effective couplings from full EFT global fit

B LC e\/ +350GeV +500GeV, P(e ,e")=(¥0.8,%0.3) ~ perfect EW
B ILC +350GeV +500GeV, P(e™,e")=(¥0.8, 0) combined with HL-LHC & LEP/SLD .
B LC +350GeV +500GeV , unpolarized imposed U(2) in 1&2 gen quarks 1
107" — —1072
(2] .
S ]
§- -
Q 1072— )
o £
%)
®))
2
I
10—3 I
107 g% vy Zy 99 it 5q°° bb 5q77 TR 5
9 o9y gy 09y Ogy o9y 9+ ogy 94  Ogy 91,z Ky
| Ratios to P(e”,e")=(¥0.8,+0.3) | .
1.5 I I —1.5
1 - _._E‘ S o (L = | _j J_[' m il 1

e Polarization solves degeneracies appearing in the ZH rate in the unpolarized

case
Not in SM (at tree-level)

971 = —gz r = interference with Zy diagrams

cancel (approximately)
for unpolarized beams

Jorge de Blas ICEPP, The University of Tokyo Seminar
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Interplay EW/Higgs in the dimension-6 SMEFT fit

Impact of polarization

( (0‘;/0,0%) More than an effect of increased statistics
+80%,0%

1 0_2 (£80%,F30%)
ILC250 GeV — w "  w
1~1.7

) giy o sgtt

1073

99

dg erR

./

-4 594/
10 542
g H 59551

ILC +350+500 GeV

ILC 250 GeV:

amm» Statistical Gain b ai
- T80%,+30% ! > rrct EW
e 780%,0%

Similar effect achieved by using
multiple energies

JJ

OGunpol./O0Gunpol.(Lx1.12) =1 : Increased stats.

—Negligible effect at 500 GeV OGunpol./0g(+80%,+30%) =1 : Increased stats. +
resolving degeneracies y

Jorge de Blas ICEPP, The University of Tokyo Seminar
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Impact of SM theory calculations
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EW/Higgs couplings in the dimension-6 SMEFT fit

r — ™
Impact of future theory uncertainties
l CEPC Z100/WW6/24OGGV20 B CLIC 380GeV, 3Te
Il CEPC +360GeV| M ILC +350GeV;,+500GeV, | I CLIC +1.5TeV, 5 Hl MuC 10TeV g
M ILC +1TeVy B CLIC +3TeV; Bl MuC 125GeV go+10TeV 4
subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold

4.5 14.5

4 ; Dark: SIVIParam. Light: SIVIFuII(Future) T : SMFuII(Current) 724
5 3.5 ~35

2 3 3

O% - .
Q 25- ‘ [ =25
(@))] C B

°°2“| H[ I 1 7
15— I 1] =15

1 E#—JL—J—ﬂT II [ H IT o o 1T - -[TT TTT[I TT T -”- TTYTI II E1

6af; 69" 691 sar! 6g% 695 698 695

6.5¢ -6.5

6= | Dark: SMparam. | Light: SMEuil Future) | T : SMeuicurrent | —6
555 —5.5

. 5 —5
= 45— —4.5

g 4 4
S 3.5 —3.5

D 3 —3
© 25- =25

2— —2
15- - I 15

1" ee e N 1 w T T bb bb 1

6971 697k 6971 69z r 09z 09z R 6971 697 r
\_ J
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EW/Higgs couplings in the dimension-6 SMEFT fit

4 . n )
Impact of future theory uncertamtles
l CEPC Z100/WWg/240GeV g CLIC )GeV,
Il CEPC +360GeV| Ml ILC +350GeV; ,+500GeV, - CLIC +1 5TeV2 5 Hl MuC 10TeV g
M ILC +1TeVy B CLIC +3TeV; Bl MuC 125GeV go+10TeV 4
subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold

14.9

—® Dark: SMParam./—. Light: SMFuII(Future) //.T : SMFuII(Current) 724_

—3
I |
H iy .

;-_L‘_-___—_‘:. = L T e e o B T+ 7 =T -[TT II -”- H _ . = I-l- rl =11l 1

g/, " 69 592 695 69K 6957 695,

6.5

| Dark: SMparam. [ Light: SMeui Future) [ T : SMrui(current | L
. =5.5

. 5 —5
=45 =4.5

s 4 —4
Q 3.5 =3.5

> 3 —3
© 25 25

2 —=2
1.5 | T 15

1 o6 ee y I T T T o bb bb 1

6971 097 R 6971 69z r 09z 09z R 6971 697 r
\_ J

SMparam.: Consider only SM parametric uncertainties (Default)
SMFrunruture): Consider SM parametric uncertainties + projected future TH calculations
SMFuncurrent): GoOnsider SM parametric uncertainties + current TH calculations
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EW/Higgs couplings in the dimension-6 SMEFT fit

r — o N
Impact of future theory uncertainties: Higgs
4.5 -4.5
4 ; Dark: SIVIParam. Light: SIVIFuII (Future) T : SIVIFuII(Current) 724
5 3.5 -35
Sz 3
C% - 7
S 2.5 25
(@] C J
o o 1 P 3
1.5 I 15
1 g_‘l—L.—_“ L-[ IT T vT-TT T — TTT TT -|-_-|- H _im = ]--[ 1l =T IT E1
T 69" 691/ 5g-F 5957 695 697 69}/
\_ _J
a )
Production Decay
Decay current unc. 00" [%] future unc. oI [%]
Thlntr Thgz]r Thgzr Thglalg Thlntr Th?lz’l;r Thg;r ThTPILaI;I
Current  Future Hobh | <04 14 04 — | 02 06 <01 -
_ H—7t7 | <03 — — — < 0.1 — — —
ete” — ZH <0.3%, Full 2 loop*
H—uptp | <03 - — — <01 - — —
ete” — vvH <1% Partial2loop y_-w+w-| 05 - - 26 | 03 - - 01
H = gg 32 <02 37 - 1.0 — 05 -
H—ZZ 0.5 — — 3.0 0.3 — — 0.1
H — vy <10 <02 — — < 1.0 — — —
*See A. Freitas, Q. Song, arXiv: 2209.07612, H — Z~ 5.0 — — 2.1 1.0 — — 0.1
X. Chen et al., arXiv: 2209.14953 for recent
k results Amy = 13 MeV, Am. = 7 MeV, Am; = 50 MeV, Aag = 0.0002 Ampg = 10 MeV )
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EW/Higgs couplings in the dimension-6 SMEFT fit

r — )
Impact of future theory uncertainties: Higgs
4.5¢- -4.5
4 ; Dark: SIVIParam. Light: SIVIFuII (Future) T : SIVIFuII(Current) 724
S 35 * -35
G o . . . i
E SE Mild effect in precision at 240/250+350/365 GeV ek
S 2.5 [ 25
(@] C J
S oA [ ES
1.5 1T M 1] I -15
1 E - | TT =X T+ LL TT — TTT TT | H _ i = TT LIl - 1
g7 o} 69t/ ey 6957 695/ Glery 695
\_ _J
4 )
Production Decay
Decay current unc. 00" [%] future unc. oI [%]
Thlntr Thgz]r Thgzr Thglali Thlntr Th?lz’l;r Thg;r ThTPILaI;I
Current  Future Hobh | <04 14 04 — | 02 06 <01 -
_ H-rr | <03 - - ~ <01 - - -
ete” — ZH <0.3%, Full 2 loop* n
H—uptp | <03 - — — <01 - — —
ete” — vvH <1% Partial2loop w - w+w-| 05 - ~ 26 | 03 - ~ o1
H — gg 32 <02 37 - 1.0 — 05 -
H—ZZ 0.5 — — 3.0 0.3 — — 0.1
H — vy <10 <02 — — < 1.0 — — —
*See A. Freitas, Q. Song, arXiv: 2209.07612, H — Z~ 5.0 — — 2.1 1.0 — — 0.1
X. Chen et al., arXiv: 2209.14953 for recent
k results Amy = 13 MeV, Am. = 7 MeV, Am; = 50 MeV, Aag = 0.0002 Ampg = 10 MeV )

Jorge de Blas
Univ. of Granada

ICEPP, The University of Tokyo Seminar
December 5, 2023



EW/Higgs couplings in the dimension-6 SMEFT fit

. . N\
g Impact of future theory uncertainties: EW
6.5¢ 6.5
6-— | Dark: SMparam, | Light: SMEun Future) | T : SMeui(current | —6
55— - — — _ —- —55
. 5 Somewhat limited by both SM input precision —5
“ZE 4'2 (future measurements, esp. a(Mz)) and theory uncertainty 2'5
2 35 =35
> 3 -3
© 25- -25
2 22
15- [T —15
15 - — — e — 1
9z 9z.r 9z 97 R 697, 69z R 697, 697 R
g J
~ _ )
EWPO calculations
EWPO current unc. AO future unc. AO
Current: 2-loop calculations + leading 3-loop Thip, Thpa: Thine: Thpar
L. Chen, A. Freitas, SciPost Phys.Proc. 7 (2022) 019 My, [MeV] 4 19 1 2.4/0.6
sin? Oy 5-107°  4-107% | 1.5-107°  45-1075/107°
o I, [MeV] 0.4 0.6 0.15 0.16/0.1
Future projections assume 0
full 3-loop + leading 4-loop (Y: enhanced) Phad [P 0 > o/a L/1
= = t
9 RY 6-107% 6.3-10%]15-10% 1.5-1073/1.2-1073
RY 5.100°  2-.107° n/a 4.7-1076/3.9.10°6
Ry 11-107° 2-107° | 5-10° 2.8-107%/2.3-107F
. Yy
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Summary

e EW/Higgs physics at future e*e- colliders will bring a giant step forward with
respect to HL-LHC:

Y Increase precision x|0—per-mile level in Higgs couplings (not ratios)
v Access to interactions not easy or impossible to access at HL-LHC:
> Charm Yukawa
> Improved determination of self-coupling
v Higgs width with 1% precision

e Optimizing Higgs precision also relies in other measurements of the EW
sector: Z-pole observables, diBoson production, adding to the own value of

those measurements

e Current studies the EW/Higgs precision physics program at ete- allows to test
around O(30) from EW/Higgs measurements...

e ... Butstill alot of work to do:

v Strange Yukawa, light quark EWV interactions, CP-violation, Flavor violating
couplings,...

v Projections: systematics in WW?

Jorge de Blas ICEPP, The University of Tokyo Seminar
Univ. of Granada December 5, 2023



Summary

® Ongoing efforts as part of the ECFA e*e- Higgs/EW/Top factory studies:

: ECFA workshops on
X e+e- Higgs/EW/Top

factory

May 31, 2021 to September 30, 2025

Europe/Zurich timezone

Overview and Activities Overview and Activities

WG1 group activities
Based on the recommendations of the European Strategy for Particle Physics Update, the European Committee for

WG2 group activities Future Accelerators (ECFA) has launched a series of workshops on physics studies, experiment design, and
detector technologies towards a future electron-positron Higgs/EW/Top factory. The aim is to bring together the
efforts of various e*e" projects, to share challenges and expertise, to explore synergies, and to respond coherently
to this high-priority strategy item.

WG3 group activities

Focus Topics

To set up the relevant structures and to define a path towards such workshops, an International Advisory Committee

Committees
(IAC) was formed, which established three Working Groups led by conveners from both experiment and theory.
E-groups
For information on the ECFA study activities, please see the wiki pages:
https://gitlab.in2p3.fr/lecfa-study/ECFA-HiggsTopEW-Factories
Jorge de Blas ICEPP, The University of Tokyo Seminar

Univ. of Granada December 5, 2023
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Snowmass SMEFT fit inputs

e Electroweak precision observables

Jorge de Blas

Univ. of Granada

Quantity current | ILC250 | ILC-GigaZ FCC-ee CEPC CLIC380
Aa(myz)™t (x10%) | 17.8* 17.8* 3.8 (1.2) 17.8*
Amy (MeV) 12* 0.5 (2.4) 0.25 (0.3) 0.35 (0.3)
Amz (MeV) 2.1 0.7 (0.2) 0.2 0.004 (0.1) 0.005 (0.1) 2.1%
Amyg (MeV) 170* 14 2.5 (2) 5.9 78
ATy (MeV) 42* 2 1.2 (0.3) 1.8 (0.9)

ATz (MeV) 2.3* 1.5 (0.2) 0.12 0.004 (0.025) | 0.005 (0.025) 2.3*
OAA (x10°) | 190 |14 (45) | 15(8) | 0.7(2 | 15 | 64 |
AA, (x10°) 1500* | 82 (4.5) 3 (8) 2.3 (2.2) 3.0 (1.8) 400
AA, (x10°) 400* 86 (4.5) 3 (8) 0.5 (20) 1.2 (6.9) 570
AA, (x10°) 2000 | 53 (35) 9 (50) 2.4 (21) 3 (21) 380
AA. (x10°) 2700* | 140 (25) 20 (37) 20 (15) 6 (30) 200
A, (pb) | s | || 0034 | 0.05(2) | 37
OR. (x10%) 2.4* 0.5 (1.0) | 0.2(0.5) 0.004 (0.3) 0.003 (0.2) 2.7
OR, (x10%) 1.6* | 0.5(1.0) | 0.2(0.2) 0.003 (0.05) 0.003 (0.1) 2.7
R, (x10%) 2.2 106 (1.0) | 0.2(0.4) 0.003 (0.1) 0.003 (0.1) 6
ORy (x10%) 3.0 104 (1.0) | 0.04 (0.7) | 0.0014 (< 0.3) | 0.005 (0.2) 1.8
dR.(x10%) 17 0.6 (5.0) | 0.2 (3.0) 0.015 (1.5) 0.02 (1) 5.6

ICEPP, The University of Tokyo Seminar

December 5,
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Snowmass SMEFT fit inputs
e Higgs observables: HL-LHC

Jorge de Blas
Univ. of Granada

HL-LHC 3 ab~! ATLAS4+CMS
Prod. ggH VBY | WH | ZH | ttH
o B} B} B} _ _
o X BRy, 19.1 - 83 | 4.6 | 10.7
o X BR,. - - - - -
o X BR,, - - - - -
o X BR;y, 2.5 9.5 | 32.1 | 58.3 | 15.2
o X BRyw 2.5 5.5 9.9 | 12.8 | 6.6
o X BR,, 4.5 3.9 - - 10.2
o X BR., 2.5 7.9 9.9 | 13.2 ] 5.9
o X BR,z 24.4 51.2 - - -
o X BR,, 11.1 30.7 - - -
o X BR;,. - 2.5 - - -
Ampy 10-20 MeV - - - -

ICEPP, The University of Tokyo Seminar
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Snowmass SMEFT fit inputs
e Higgs observables: Circular e¢te- Colliders (FCCee/CEPC)

FCCee240 5ab~!

CEPC240 20ab™1

1.5 ab~! FCC-ee365

Prod.

o X BRy,
o X BR,.
o X BRy,
o X BRy,
o X BRww
o X BR.-
o X BR,,
o X BR,yz
o x BR,,
o X BR;,,

ZH vvH
0.5(0.537) -
0.3(0.380) | 3.1(2.78)
2.2(2.08) -
1.9(1.75) -
4.4(4.49) -
1.2(1.16) -
0.9(0.822) -

0(8.47) :

(17) :
19(17.9) -
0.3(0.226) -

ZH
0.26
0.14
2.02
0.81
4.17
0.53
0.42
3.02
8.9
6.36
0.07

vvH

1.59

Prod.

o X BRy
o X BR,,.
o X BRy,
o X BR;,
o X BRyw
o X BR.-
o X BR,,
o X BR,,
o X BRj,..

ZH vvH
0.9(0.84) -
0.5(0.71) | 0.9(1.14)
6.5(5.0) 10(11.9)
3.5(3.8) 4.5(4.8)
12(11.4) | 10(12.5)
2.6(2.55) (3.6)
1.8(1.83) 8(10)
18(17.7) | 22(28.1)

40(40) (100)
0.60(0.42) -

1.0 ab—t CEPC360
ZH vvH
1.4(1.02) -
0.90(0.86) | 1.1(1.39)
8.8(6.1) 16(14.5)
3.4(4.7) 4.5(5.9)
20(13.9) | 21(15.3)
2.8(3.12) | 4.4(4.4)
2.1(2.24) | 4.2(12.2)
11(21.7) | 16(34.4)
41(48) 57(123)
(0.49) -

Jorge de Blas
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Snowmass SMEFT fit inputs

e Higgs observables: Linear ¢fe- Colliders (ILC)

Jorge de Blas
Univ. of Granada

ILC250 | 0.9ab™" (-0.8,+0.3) | 0.9ab™" (+0.8,-0.3) ILC350 | 0.135 ab! (-0.8,40.3) | 0.045 ab™" (+0.8,-0.3)
Prod. 28wl ZH | vl Prod. | ZH vwH ZH vwH
o 1.07 - 1.07 - i 5 46 ] L3 )
o x BRy, |0.714 4.27 0.714 17.4 o x BRy | 2.05 546 5 s 17
o x BR,. | 4.38 - 4.38 -
o x BR.. | 15 25.9 25.9 186
o x BR,, | 3.69 - 3.69 -

o x BRyy | 949 ] 0,149 ] o x BR,, |11.4 10.5 19.8 75
o x BRuw | 243 ] 543 ] o x BRy; | 34 27.2 59 191
ox BR.. | 1.7 ] L7 ) o x BRyw | 7.6 7.8 13.2 57
o X BR,W 17.9 _ 17.9 _ o X BRTT 9.5 21.8 9.4 156
o x BR,z 63 i, 59 - ox BR,, 53 61 92 424
o x BR,, | 37.9 - 37.9 - o x BR,, | 118 218 205 1580
o X BRiny | 0.336 ; 0.277 - 0 X BRino. | 1.15 - 1.83 -

ILC500 | 1.6 ab™! (-0.8,4+0.3) | 1.6 ab™! (+0.8,-0.3) ILC1000 | 3.2 ab™! (-0.8,40.2) | 3.2 ab™! (40.8,-0.2)
Prod. ZH vvH ZH vvH Prod. vvH vvH
o 1.67 - 1.67 - o x BRy, 0.32 1.0
o x BRy, |1.01 0.42 1.01 1.52 o X BRy. 1.7 6.4
o x BR,. | 7.1 3.48 7.1 14.2 o x BR,, 1.3 4.7
o x BRyy | 5.9 2.3 5.9 9.5 o x BRyz 2.3 8.4
o x BRy; | 138 4.8 13.8 19 o X BRyw 0.91 3.3
o x BRyw | 3.1 1.36 3.1 5.5 o X BR,. 1.7 6.4
o x BR., |2.42 3.9 2.42 15.8 o x BR,, 4.8 17
o x BR,, |18.6 10.7 18.6 44 o x BR,, 17 64
o x BR,, | 47 40 A7 166
o X BRipy. | 0.83 - 0.60 -
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Snowmass SMEFT fit inputs

e Higgs observables: Linear e¢fe- Colliders (CLIC)

CLIC380 0.5 ab—! (-0.8,0) 0.5 ab™! (40.8,0)
Prod. ZH vvH ZH vvH
o 1.5(1.43) - 1.8(1.43) -
o X BRy, 0.81(1.2) | 1.4(1.47) | 0.92(1.2) | 4.1(4.4)
o X BR,. 13(8.7) 19(15.3) 15(8.7) 24(46)
o X BRy, 5.7(6.6) 3.3(6.2) 6.5(6.6) | 20(18.8)
o X BRzz | (19.7) (16.1) (19.7) (46)
o X BRyw | 5.1(4.4) (4.6) (4.4) (14)
o X BR,, 5.9(3.2) (12.9) 6.6(3.2) (39)
o x BR,, (31) (36) (31) (108)
ox BR,, (69) (129) (69) (129)
0 X BRin,. | 0.57(0.68) - 0.64(0.64) -
CLIC1500 | 2 ab™! (-0.8,0) | 0.5 ab™! (+0.8,0) CLIC3000 | 4 ab™! (-0.8,0) | 1 ab™! (40.8,0)
Prod. vvH vvH Prod. vvH vvH
o X BRy, 0.25 1.5 o X BRy, 0.17 1.0
o X BR,. 3.9 24 o X BR,. 3.7 22
o X BRy, 3.3 20 o X BRy, 2.3 14
o X BRyy, 3.6 22 o X BRyy 2.1 13
o X BRyw 0.67 4.0 o X BRyw 0.33 2.0
o X BR,, 2.8 17 o X BR., 2.3 14
o X BR,, 10 60 o X BR,, 5.0 30
o X BR,z 28 170 o X BR,z 16 95
o x BR,, 24 150 o x BR,,, 13 80

Jorge de Blas
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Snowmass SMEFT fit inputs

e Higgs observables: Muon Colliders

Jorge de Blas
Univ. of Granada

MuC3000 3 ab™! MuC10000 10 ab™!
Prod. vvH | ppuH Prod. vwH | puH
o X BRy, 0.8 2.6 oX BRy, | 0.22 | 0.77
o X BR,. 12 72 o X BR,. 3.6 17
o X BR,, 2.8 14 ocx BR,, | 0.79 | 3.3
o X BR7» 11 34 o X BR7» 3.2 11
oX BRww | 1.5 7.5 o X BRyw | 0.40 1.8
o X BR,, 3.8 21 o X BR,, 1.1 4.8
o X BR., 6.4 23 o X BR, 1.7 4.8
o X BR,z 45 - o X BR,z 12 -
o x BR,,, 28 - ox BR,, | 5.7 -
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