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The SM, up to now, is very successful. But there are some flaws:
Elahi et al, 1410.6157
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Introduction

On the other hand, neutrinos oscillate
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While there are many models for dark matter, neutrinos and other topics as you prefer,
the direct experimental observation of any new particle is still null.

Q: How to approach new physics beyond the Standard Model?
A_' coe
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While there are many models for dark matter, neutrinos and other topics as you prefer,
the direct experimental observation of any new particle is still null.

: How to approach new physics beyond the Standard Model?

Standard Model Production Cross Section Measurements Status: May 2017
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* not for completeness

E

Sym2Int Matchete matchmakereft dispersive
A_ g Gauthier’s talk on Tuesday
WilSOl’llRunning
mwy Matching @
WCXf
Running
Matching between QFT and QM
2GeV 4g—>

YD, Li, Tang, Vihonen, Yu, 2011.14292 (JHEP)
Falkowski, Gonzalez-Alonso, Tabrizi, 1910.02971 (JHEP)
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https://indico.cern.ch/event/1307378/contributions/5721447/attachments/2789645/4864518/durieux-fccannecy-2024-01-30.pdf

. . Buchmuller and Wyler, Nucl.Phys.B 268 (1986) 621
Operators in the Warsaw basis: Grzadkowski, Iskrzyns’,ki, Misiaslfisa,nd Rogiek, J%—IEP 10 (2010) 085
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59 operators (+ 4 B-violating ones)

2499 operators: 1350 (CP-even) + 1149 (CP-odd)

Sophie’s and Ben'’s talks on Tuesday
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https://indico.cern.ch/event/1307378/contributions/5721447/attachments/2789645/4864518/durieux-fccannecy-2024-01-30.pdf
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https://indico.cern.ch/event/1307378/contributions/5721001/attachments/2789807/4865045/stefanek_annecy_fccee_PDF.pdf

The SMEFT is then simply constructed by adding these operators on top of the SM:

Ci @d
Ad—4 1

Zsmerr = ZLsm Z
i

with each of the term a SM singlet and respecting the SM local gauge symmetry.
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The SMEFT is then simply constructed by adding these operators on top of the SM:

C;
Ad—4

Zsmerr = ZLsm Z o;

with each of the term a SM singlet and respecting the SM local gauge symmetry.

FCC-ee is an ideal precision machine for new physics studies in the SMEFT since
s < A? with A > 1 TeV from the LHC data.
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We thank our experimental colleagues for doing excellent. Recent improvement not

0

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

Quantity

Aa(mz)~! (x103%)

current
17.8*
12*
2.17
170*

—X
ILC250 | ILC-GigaZ
17.8*
0.5 (2.4)
0.7 (02) | 0.2
14
2
15 (0.2) | 0.12
1445 | 1508)
82 (45) | 3 (8)
86 (4.5) | 3 (8)
53 (35) | 9 (50)
140 (25) | 20 (37)
0.5 (1.0) | 0.2 (0.5)
0.5 (1.0) | 0.2 (0.2)
0.6 (1.0) | 0.2 (0.4)
0.4 (1.0) | 0.04 (0.7)
0.6 (5.0) | 0.2 (3.0)

FCC-ee
3.8 (1.2)
0.25 (0.3)
0.004 (0.1)
2.5 (2)
1.2 (0.3)
0.004 (0.025)

0.004 (0.3)

0.003 (0.05)

0.003 (0.1)
0.0014 (< 0.3)

CEPC
17.8*
0.35 (0.3)
0.005 (0.1)
5.9
1.8 (0.9)
0.005 (0.025)

0.015 (1.5)

CLIC380

2.7

1.8

5.6

implemented (R, from inclusive (Michele’s talk)/exclusive (Lars’s talk) studies for example)
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https://indico.cern.ch/event/1307378/contributions/5720997/attachments/2790079/4865599/Rb.pdf
https://indico.cern.ch/event/1307378/contributions/5720999/attachments/2790216/4865732/Exclusive_Rb_measurement_LRoehrig.pdf

S,

Theory Requirements and Possibilities for the
FCC-ee and other Future High Energy and Precision
Frontier Lepton Colliders”

Alain Blondel (Université de Genéve), Ayres Freitas (University of Pittsburgh),
Janusz Gluza' and Tord Riemann (U. Silesia),
Sven Heinemeyer (IFT/IFCA CSIC Madrid/Santander, ECI/UAM/CSIC Madrid),
Stanistaw Jadach (IFJ PAN Krakow), Patrick Janot (CERN)

18 December 2018

Abstract

The future lepton colliders proposed for the High Energy and Precision Frontier set strin-
gent demands on theory. The most ambitious, broad-reaching and demanding project is the
FCC-ee. We consider here the present status and requirements on precision calculations, pos-
sible ways forward and novel methods, to match the experimental accuracies expected at the
FCC-ee. We conclude that the challenge can be tackled by a distributed collaborative effort
in academic institutions around the world, provided sufficient support, which is estimated to
about 500 man-years over the next 20 years.

Considered as well under control by the operation time.
See also Johann's talk on Tuesday and Alain’s talk this morning.
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https://indico.cern.ch/event/1307378/contributions/5720995/attachments/2789977/4865304/fcc_workshop.pdf
https://indico.cern.ch/event/1307378/contributions/5744526/attachments/2791513/4868261/EWPO-alpha-QED-dep-ABlondel.pdf

Basis

Presenting the results will be basis dependent. We choose to work in the Higgs basis
to disentangle physics in different sectors
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Basis

Presenting the results will be basis dependent. We choose to work in the Higgs basis
to disentangle physics in different sectors
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SMEFT global fit: 4f

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

Yong Du

Process Observable Experimental value Ref. SM prediction
0 ary —0.035 £ 0.017 CHARM.II —0.0396 [48]
—e— i -IT (47
Ve scattering g —0.503 % 0.017 147 —0.5064 [48]
G2
(2R 1.0029 £ 0.0046
T decay g{ PDG2014 [49) 1
Efzf 0.981 +0.018
A + 0.0031 3156 (50
Ry, 03093 0.003 CHARM (r = 0.456) [50] 0.3156 [50]
Ry, 0.390 + 0.014 0.370 [50]
R, 0.3072 =+ 0.0033 0.3091 [51
Neutrino scattering . CDHS (r = 0.393) [51] 1]
Ry, 0.382 + 0.016 0.380 [51]
K 0.5820 = 0.0041 CCFR [52] 0.5830 [52]
R,:. 0.40610 130 CHARM (53] 0.33 [54]
(52 )Moller 0.2397 £ 0.0013 SLAC-E158 [55] 0.2381 % 0.0006 [56]
QS:(55,78) —72.62 £ 0.43 PDG2016 [54] —73.25 £ 0.02 [54]
w(1,0) 0.064 £+ 0.012 QWEAK [57] 0.0708 = 0.0003 [54]
A —-91.1+4.3) x 10-6 —87.74+0.7) x 10~ [58
Parity-violating scattering A, (—160.8 = 7.1) x 10— (—158.9 + 1.0) x 1076 [58]

o ed —0.042 + 0.057 SAMPLE (/@2 = 200 MeV) [59] -0.0360 [54]
Jra = va —0.12 + 0.074 SAMPLE (,/Q? = 125MeV) [59] 0.0265 [54]
bens —(1.47 £ 0.42) x 104 GeV 2 SPS (A = 0.81) [60] ~1.56 x 104 GeV~2 [60]
—(1.74+0.81) x 107* GeV 2 SPS (A = 0.66) [60] —1.57 x 107* GeV~2 [60]
+ polarization P, 0.012 + 0.058 VENUS [61] 0.028 [61]
Ap 0.029 =+ 0.057 0.021 [61]
Neutrino trident production | —&(v,y* = vupu™p™) 0.82 +0.28 CCFR [62-64] 1
dr — ulvy(y) T hspT See text 65] 0
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4f

Flat direction lifted by low-energy experiments: muon sector example

Yong Du
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Flat direction lifted by low-energy experiments: muon sector example

Yong Du

Ay*=1
® e'e” » u'u (LEP) |-
® v,-e scattering
® Combined
0.005-
& 0,000 )
—0.005-
20005 0000 0005
[Clel1122
T — E——

7th FCC Physics Workshop

12



4f

Flat direction lifted by low-energy experiments: electron sector example

Bhabha alone is not enough to close the fit, Apy from PVES is the key
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Dev, Ramsey-Musolf, Zhang, 1806.08499 (PRD)
YD, Freitas, Patel, Ramsey-Musolf, 1912.08220 (PRL)
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4f

Flat direction lifted by low-energy experiments: electron sector example

Bhabha alone is not enough to close the fit, Apy from PVES is the key
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10" [ Neutron Radius e \°\° Publication date: Tue, Nov 22, 2022 - 11:30pm
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Dev, Ramsey-Musolf, Zhang, 1806.08499 (PRD)
YD, Freitas, Patel, Ramsey-Musolf, 1912.08220 (PRL)

Yong Du 7th FCC Physics Workshop 13



4f

Flat direction lifted by low-energy experiments: electron sector example

Bhabha alone is not enough to close the fit, Apy from PVES is the key
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https://indico.cern.ch/event/1307378/contributions/5721003/attachments/2790996/4867218/piccinini.pdf

SMEFT global fit: 4f

Flat direction lifted by low-energy experiments: tau sector example

T polarization measurement at VENUS is limited by statistics (&£ = 271 pb_l). FCC-ee at 240GeV
will have better sensitivity with much more statistics, how well can we control the systematical?
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SMEFT global fit: 4f

Flat direction lifted by low-energy experiments: tau sector example

T polarization measurement at VENUS is limited by statistics (& = 271 pb_l). FCC-ee at 240GeV
will have better sensitivity with much more statistics, how well can we control the systematical?
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SMEFT global fit: 4f

Flat direction lifted by low-energy experiments: tau sector example

T polarization measurement at VENUS is limited by statistics (& = 271 pb_l). FCC-ee at 240GeV
will have better sensitivity with much more statistics, how well can we control the systematical?
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Q: Projections for FCC-ee?
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SMEFT global fit: 4f

Flat direction lifted by low-energy experiments: tau sector example

T polarization measurement at VENUS is limited by statistics (&£ = 271 pb_l). FCC-ee at 240GeV
will have better sensitivity with much more statistics, how well can we control the systematical?

[clel1133
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Also very interesting 7 physics at TeraZ
see for example Pich 2012.07099 (EPJP)
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SMEFT global fit: 4f

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

LEP + SLC + SLD + DO + LHC s +ILC (500 GeV, 1.6+1.6/ab) [ +CLIC (1500 GeV, 2+0.5/ab) Bm +FCC-ee (365 GeV, 1.5/ab)
BN+ HL-LHC (14 TeV, 3/ab) m +ILC (1000 GeV, 3.2+3.2/ab) +CLIC (3000 GeV, 4+1/ab) m CEPC (240 GeV, 20/ab)
I |LC (250 GeV, 0.9+0.9/ab) [ CLIC (380 GeV, 0.5+0.5/ab) Il FCC-ee (240 GeV, 5/ab) I +CEPC (360 GeV, 1/ab) 10-2

10—27

Vff couplings

107!

1073

5999, 6031 6925, 69%% 69% 69%% 6gx™

Unprecedented precision reached at the FCCee machine (same for Higgs couplings, see backup)

Still much room left for new physics generating large 1st and 2nd (could be improved with ¢, and
I*EB) generation Zgg couplings (possible tagging improvement? The help with Al (Chai, Gu, Li,
2401.02427 for example)?)

Yong Du 7th FCC Physics Workshop 15



SMEFT global fit: 4f

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

4/ couplings

Also much room left for 4-fermion operators at FCC-ee or CEPC (same for top, see backup),

1072
1073
1074
107>

1076

1072

104

1076

LEP + SLC + SLD + DO + LHC

BN + HL-LHC (14 TeV, 3/ab)
B |LC (250 GeV, 0.9+0.9/ab)

[cpli111

[Creli111

B +|LC (500 GeV, 1.6+1.6/ab) [0 +CLIC (1500 GeV, 2+0.5/ab) B +FCC-ee (365 GeV, 1.5/ab)
B +I1LC (1000 GeV, 3.2+3.2/ab) +CLIC (3000 GeV, 4+1/ab) I CEPC (240 GeV, 20/ab)
[ CLIC (380 GeV, 0.5+0.5/ab) Bl FCC-ee (240 GeV, 5/ab) B +CEPC (360 GeV, 1/ab)

[Ceeli111 [Culiz21 [culii22 [Crel1122

[Crel2211

[Ceel1122

[Cpli331

[Ceel1133 [Curlo222

[Culi133 [Crel1133 [Crel3311

mainly due to the difficulty in telling the right from the left.

Merging current/future neutrino (e.g. CEVNS) and/or polarized experimental (EIC/EicC for

example) data to make a difference?

[Cul2332

1072
1073
1074
107>

107

Polarized future circular colliders? (See Zhe Duan’s talk on Tuesday for a possible study)

Yong Du

7th FCC Physics Workshop
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https://indico.cern.ch/event/1307378/contributions/5720996/attachments/2790077/4865572/CEPC_overall_status_and_prospects_for_beam_polarization_v4.pdf




This precision FCC-ee machine could also help in understanding our existence by closely

CPV

investigating the CPV operators

Yong Du

Dim-4
LAY —mOgivsg | Lhm| —miq+ emdreq
Dim-6
Pure gauge Gauge-Higgs
Qs fABCéﬁuGEPGSM Q(,,é cpTcpéﬁyGA“”
Qw GIJKWJVWI;]PWpKM Qcpﬁ? <PT<PW;51/WIW
(Gauge-)Higgs-f Q.5 ' @B, B*
Que | Q0" T*ur)3Gr, |Quws| @' Wi B
Qac | (Qo""T*dr)pGy, 4-f
Qsw | (Fa*” frR)T Wiy | Qiedq (L7er)(drQ7)
Qsp | (Fo"™fr)pBu |Qula| (@ ur)ex(Q dr)
Qsw | (Fo fR)T eWi | Q4 s | (@7 T ur)ex(Q¥T*dr)
Qs | (Fo" fR)@Buw | Qb (L’ er)ejr(Q ur)
Qpud |i($' Dup) (@ry*dr) | Qicy | (K ouver)e;x(Q o™ ur)

Engel, Ramsey-Musolf, van Kolck, 1303.2371 (Prog.Part.Nucl.Phys.)

Chupp, Ramsey-Musolf, van Kolck, 1407.1064 (PRC)
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. — AIKyAvywIpywKu
Oy = e"KWEW/rw!

Yong Du

CPV

7th FCC Physics Workshop
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CPV

:'@G fABCGAz/GBpGC,u
|
| ~
' Oy = 990G GM" :
Pt hZZ
W QY@ UV h}/Z

@(pWB =@ TTI(:DVV/{H/B w
6 = MKV KK \ Y-
W =€ w VW, YWwew (Statistically limited at OPAL)

ZWTW~

FCC-ee is well suited for both Zh and WTW™ studies!

Also helps V., extraction See Stephane’s talk yesterday

Yong Du 7th FCC Physics Workshop 18


https://indico.cern.ch/event/1307378/contributions/5721481/attachments/2790716/4866685/FCC_Vcb_monteil.pdf

CPV

Using angular asymmetries of Zh and aTGC measurements for W"W~, the CPV
parameters can be extracted, for which we use the optimal observable approach to
Improve the sensitivity

Yong Du 7th FCC Physics Workshop 19



SMEFT global fit: CPV

Using angular asymmetries of Zh and aTGC measurements for WTW~, the CPV
parameters can be extracted, for which we use the optimal observable approach to
Improve the sensitivity

LHC FCC-eerygcev

BN HL-LHC B+ ILC (500 GeV, 1.6+1.6/ab) BN+ FCC-ee (365 GeV, 1.5/ab) B + CEPC (360 GeV, 1/ab)
I |LC (250 GeV, 0.9+0.9/ab) I FCC-ee (240 GeV, 5/ab) I CEPC (240 GeV, 20/ab)

107!

107!

0.02
1072

Cws). 1073

Bosonic CPV couplings

1074

Per-mille level precision reach
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Y-Universal Z’ model

Extend the SM by U(1)_ but without introducing kinetic mixing and off-diagonal
gauge couplings

)
OB 87

A2 g2

95% CL scale limits on 4-fermion contact interactions from O, g
HL-LHC E | | | | | | | | | | | | | | | | |
ILC250 E This work
ILC500 E m ESU
ILC1000 E
CLIC380 E
CLIC1500 E
CLIC3000
CEPC240 E
FCC-ee240 E
FCC-ee365

| I I I I | I I I I |
0 50 100 150

Scale/coupling [TeV]

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

FCC-hh? See Matthew’s talk yesterday
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https://indico.cern.ch/event/1307378/contributions/5721009/attachments/2790892/4867051/Annecy.pdf

Le_ptoquark model

‘e,) S| + A lgcec’t St + h.c.

95% CL limits on the (§,1)% and (§,3)% leptoquark model
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de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326
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Senchmark: Type-Ill seesaw model

V(D,A) D (@ ®)Tr(ATA) + A D'AATD ZLy =) gplsin,ALsh . C.

95% CL limits on the type—II seesaw model (NO) 95% CL limits on the type—II seesaw model (NO)
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YD, 2303.16400
YD, Li, Yu, 2201.04646 (JHEP)
Li, Zhang, Zhou, 2201.05082 (JHEP)

mﬁght = O VS mlight = Ol eV
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Unfolding

Operator

| | ,
h 4 A A -7
UV > —l— > = - -l— -

A

Find the UV for any operator and
any topology (UVBuilder).

: Which benchmark model for FCC-ee?

Yong Du

Internal fields
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<% FCC-ee is an ideal precision machine for new physics study within SMEFT:

% Unprecedented precision reach for Higgs and EW physics (except 1st gen quarks)
% Increase sensitivity reach of 4-fermion operator with beam polarization at FCC-ee?
% Otherwise, merging low-energy data (neutrino for example) may make a difference
% A new direction can be probed for CPV operators, complementary to the LHC

<+ FCC-ee also a perfect machine for specific new physics model studies

% the Z' model
% the leptoquark model

N/
0‘0

% operator unfolding upon anomaly observation?



<+ FCC-ee is an ideal precision machine for new physics study within SMEFT:

7/

% Unprecedented precision reach for Higgs and EW physics (except 1st gen quarks)

7/

% Increase sensitivity reach of 4-fermion operator with beam polarization at FCC-ee?
% Otherwise, merging low-energy data (neutrino for example) may make a difference

7/

% A new direction can be probed for CPV operators, complementary to the LHC

<+ FCC-ee also a perfect machine for specific new physics model studies

2 the Z' model

/

% the leptoquark model

N/
0‘0

7/

% operator unfolding upon anomaly observation?

While do not know when to expect
let’s withess the birth of FCC-ee solidly together






SMEFT global fit: 4f

2¢2q global fit results

[0 LEP + SLC + SLD + DO + LHC
BN + HL-LHC (14 TeV, 3/ab)
BN |ILC (250 GeV, 0.9+0.9/ab)

Bmm +ILC (500 GeV, 1.6+1.6/ab)
I +ILC (1000 GeV, 3.2+3.2/ab)
I CLIC (380 GeV, 0.5+0.5/ab)

. +CLIC (1500 GeV, 2+0.5/ab)
+CLIC (3000 GeV, 4+1/ab)
I FCC-ee (240 GeV, 5/ab)

BN +FCC-ee (365 GeV, 1.5/ab)
lm CEPC (240 GeV, 20/ab)
mm +CEPC (360 GeV, 1/ab)
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SMEFT global fit: Higgs

Higgs global fit

precision reach on effective couplings from SMEFT global fit

Il HL-LHC S2 + LEP/SLD Il CEPC Z,,0/WW4/240GeV Il ILC 250GeV, Il CLIC 380GeV, Il MuC 3TeV 4 O w/FCC-ee
(combined in all lepton collider scenarios) | [l CEPC +360GeV M ILC +350GeV,+500GeV, | I CLIC +1.5TeV, 5 Il MuC 10TeV 4
Free H Width M ILC +1TeVy VwiGiga-Z | lICLIC +3TeVs5 Il MuC 125GeV g+10TeV 49

" ’ no H exotic decay Il FCC-ee +365GeV4 5 subscripts denote luminosity in ab™', Z & WW denote Z—pole & WW threshold 1 0_2
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SMEFT global fit: top

top global fit
I HL-LHC B HL-LHC + CEPC HL-LHC + FCCee BN HL-LHC + ILC [ HL-LHC + CLIC
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This will certainly be improved at future colliders, especially with the utilization of optimal
observables:

do(c)  doy do;

= + —C:
dil  dIl - a1’

4+ ...

(d6;/dTT)(d5/dTT) f
dGO /dI1

(Cov)y' = [dIl

The optimal observable analysis is still ongoing, we expect a factor of 10/100 improvemer
for HL-LHC and future eTe ™ colliders.



