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Introduction HEPfit EW physics Higgs physics Summary

SM and the search beyond

SM is complete and no direct hint for New Physics at LHC energy.
Two possibilities to search for new physics:

More energy More precision

(e.g. HE-LHC) (e.g. ILC)

&

(e.g. CEPC, FCC)

&

(e.g. CEPC, FCC)
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Future colliders

Different concepts: HE-LHC, ILC, CLIC, CEPC/SppC, FCC(ee)

They all have in common that we will have to wait for decades:

November 6, 2017 

•  CEPC data-taking starts before the LHC program ends 

•  Possibly con-current with the ILC program 

design issues  
R&D items 
preCDR 

design, funding  
R&D program 
Intl. collabration 
site study 

seek approval, site decision 
construction during 14th 5-  
                                year plan 
commissioning 

 

CEPC Schedule (ideal) 

6 

[XinChou Lou]
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For the time being...

Let’s try to scrutinize as well as possible the SM.

New Physics might hide in the details.

However, we need to combine all information
as consistently as possible.
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HEPfit

What?

Why?

Where?

Who?

When?

High energy physics observables

in the SM and beyond

featuring Flavour observables,
Electroweak precision observables and
Higgs observables

at best available precision
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HEPfit

What?

Why?

Where?

Who?

When?

Stand-alone library or global fits for

SM EFT 2HDM MSSM ...
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HEPfit

What?

Why?

Where?

Who?

When?

http://hepfit.roma1.infn.it
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HEPfit

What?

Why?

Where?

Who?

When?

HEPfit was used for:

PoS EPS-HEP2015 187

JHEP 1611 (2016) 026

JHEP 1612 (2016) 135

PoS ICHEP2016 (2017) 690

EPJC 77 (2017) 10, 688

PoS EPS-HEP2017 281

arXiv:1710.05402

arXiv:1711.02095

Otto Eberhardt EW and Higgs fits in the SM and beyond 5 / 32

https://inspirehep.net/record/1430559
https://link.springer.com/article/10.1007%2FJHEP11%282016%29026
https://link.springer.com/article/10.1007%2FJHEP12%282016%29135
https://arxiv.org/abs/1611.05354
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-5270-2
https://arxiv.org/abs/1709.09414
https://arxiv.org/abs/1710.05402
https://arxiv.org/abs/1711.02095
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HEPfit

What?

Why?

Where?

Who?

When?

CERN Padova University São Paulo

Maurizio Pierini Jorge de Blas Giovanni Grilli

Florida State U. Rome I&III EP Paris

Laura Reina Marco Ciuchini Debtosh Chowdhury

IFIC Valencia António Coutinho Tehran University

Otto Eberhardt Marco Fedele Shehu AbdusSalam

KEK Enrico Franco Tohoku University

Satoshi Mishima Luca Silvestrini Norimi Yokozaki

Lanzhou University Mauro Valli HU Berlin

Fu-Sheng Yu Ayan Paul
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HEPfit

What?

Why?

Where?

Who?

When?

Already now: development version

https://github.com/silvest/HEPfit

Winter 2017/18: first fully documented release

http://hepfit.roma1.infn.it
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HEPfit

What?

Why?

Where?

Who?

When?

How fast?
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HEPfit

What?

Why?

Where?

Who?

When?

How fast?

How much?

It’s free and it’s open-source!
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General overview

Model Parameters

Priors π(θ)

& Observables

Likelihoods L(x |θ)

Output:

Parameter and observable posterior distributions
Parameter correlations
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Introduction HEPfit EW physics Higgs physics Summary

HEPfit – models

Standard Model
“Model independent models”:
EW oblique parameters (S , T , U; εi )
Modified Zbb̄ vertex (δgb

L,R , δgb
V ,A)

Higgs signal strengths µi
Mod. Higgs couplings κi (with and w/o universal V and f
couplings)
Various dim-6 bases (GIMR, BS with and w/o QFU,LFU)
Flavour Wilson coefficients
Z2 symmetric 2HDM’s
MSSM with complex couplings

In development: General 2HDM, LRSM,
Georgi-Machacek, Manohar-Wise

Otto Eberhardt EW and Higgs fits in the SM and beyond 7 / 32



Introduction HEPfit EW physics Higgs physics Summary

HEPfit – observables
HEPfit name Model(s) Comments

MtMSbar SM
Mw SM

GammaW SM
GammaZ SM

sigmaHadron SM
sin2thetaEff SM

PtauPol SM
Alepton SM
Acharm SM
Abottom SM

AFBlepton SM
AFBcharm SM
AFBbottom SM
Rlepton SM
Rcharm SM
Rbottom SM
ggHx SM x ∈ 7, 8, 13, 14, 100, 196; without x default is 8
VBFx SM x ∈ 7, 8, 13, 14, 100, 196; without x default is 8
WHx SM x ∈ 7, 8, 13, 14, 100; without x default is 8
ZHx SM x ∈ 7, 8, 13, 14, 100; without x default is 8
VHx SM x ∈ 7, 8, 13, 14, 100, 196; without x default is 8

ggH+ttHx SM x ∈ 8, 13, 14, 100; without x default is 8
VBF+VHx SM x ∈ 8, 13, 14, 100; without x default is 8
ttHx SM x ∈ 7, 8, 13, 14, 100, 196; without x default is 8
eeZHx SM x ∈ 240, 250, 500, 1000
eeWBFx SM x ∈ 250, 350, 500, 1000
eettHx SM x ∈ 500, 1000

BrHggRatio SM
BrHWWRatio SM
BrHZZRatio SM
BrHZgaRatio SM
BrHgagaRatio SM
BrHmumuRatio SM

BrHtautauRatio SM
BrHccRatio SM
BrHbbRatio SM
epsilonx SM x = 1, 2, 3, b

DmBd SM
DmBs SM,THDM

SJPsiK SM
Betas_JPsiPhi SM

EpsilonK SM
DmK SM
Vij SM i = u, c , t; j = d , s, b

alpha SM
alpha_2a SM
gamma SM
beta SM
betas SM

2betapgamma SM
s2beta SM
c2beta SM
CKM_rho SM
CKM_eta SM

sintheta12 SM
sintheta13 SM
sintheta23 SM
ckmdelta SM

J_CP SM
Rt SM
Rts SM
Rb SM

VtdoVts SM
Abslam_x SM x ∈ u, c, t, ud , cd , td , us, cs, ts
Relam_x SM x ∈ u, c, t, ud , cd , td , us, cs, ts
Imlam_x SM x ∈ u, c, t, ud , cd , td , us, cs, ts

BR_Bdmumu SM
BRbar_Bdmumu SM

Amumu_Bd SM
Smumu_Bd SM
BR_Bsmumu SM

BRbar_Bsmumu SM
Amumu_Bs SM
Smumu_Bs SM

BR_BdmumuOBR_Bsmumu SM

HEPfit name Model(s) Comments
BR_bsgamma SM
ACP_bsgamma SM
BR_bdgamma SM
ACP_bdgamma SM
BR_bqgamma SM
ACP_bqgamma SM
P_i_BdKstmu SM i ∈ 1, 2, 3, 4p, 5p, 6p, 8p
P_i_BdKste SM i ∈ 1, 2, 3

Gammap_BdKstmu SM
A_FB_BdKstmu SM
BR_BdKstmu SM
BR_BdKste SM

RKst_BdKstll SM
RKstL_BdKstll SM
RKstT_BdKstll SM
R6_BdKstll SM
ACP_BdKstmu SM
P3CP_BdKstmu SM
F_L_BdKstmu SM
F_L_BdKste SM
M_i_BdKstmu SM i ∈ 1p, 2p
S_i_BdKstmu SM i ∈ 3, 4, 5, 7, 8, 9
A_i_BdKstmu SM i ∈ 6, 9
P_if_BdKstmu SM i ∈ 1, 2, 3, 4p, 5p, 6p, 8p

Gammapf_BdKstmu SM
BRf_BdKstmu SM

A_FBf_BdKstmu SM
F_Lf_BdKstmu SM
S_if_BdKstmu SM i ∈ 3, 4, 5, 7, 8, 9
P_relationf SM

P_relation_exactf SM
Vx_BdKstmu SM x ∈ 0, p,m
Tx_BdKstmu SM x ∈ 0, p,m
S_BdKstmu SM

QCDfC9_if_BdKstmu SM i ∈ 1, 2, 3
QCDfC9p_if_BdKstmu SM i ∈ 1, 2, 3
Regtilde_i_BdKstmu SM i ∈ 1, 2, 3
Imgtilde_i_BdKstmu SM i ∈ 1, 2, 3
Absgtilde_i_BdKstmu SM i ∈ 1, 2, 3
Arggtilde_i_BdKstmu SM i ∈ 1, 2, 3

Reh_x_BdKstmu SM x ∈ 0, p,m
Imh_x_BdKstmu SM x ∈ 0, p,m
Absh_x_BdKstmu SM x ∈ 0, p,m
Argh_x_BdKstmu SM x ∈ 0, p,m
A_FB_BpKstmu SM
F_L_BpKstmu SM
BR_BpKstmu SM

BR_BKstgamma SM
C_BKstgamma SM
S_BKstgamma SM

ADG_BKstgamma SM
DC7_i SM i ∈ 1, 2

AbsDC7_x SM x ∈ L,R
ReDC7_x SM x ∈ L,R
ImDC7_x SM x ∈ L,R
hp0_hm0 SM

BR_BpKstgamma SM
P_i_Bsphimu SM i ∈ 1, 2, 3, 4p, 5p, 6p, 8p

Gammap_Bsphimu SM
A_FB_Bsphimu SM
BR_Bsphimu SM

Rphi_Bsphill SM
RphiL_Bsphill SM
RphiT_Bsphill SM
R6_Bsphill SM
ACP_Bsphimu SM
P3CP_Bsphimu SM
F_L_Bsphimu SM
M_i_Bsphimu SM i ∈ 1p, 2p
S_i_Bsphimu SM i ∈ 3, 4, 5, 7, 8, 9
A_i_Bsphimu SM i ∈ 6, 9

BR_Bsphigamma SM
C_Bsphigamma SM
S_Bsphigamma SM

ADG_Bsphigamma SM
BR_BKmu SM
BR_BKe SM
RK_BKll SM
btaunu SM,THDM

HEPfit name Model(s) Comments
mu_e_gamma SUSY
log_meg SUSY

tau_mu_gamma SUSY
log_tmg SUSY

tau_e_gamma SUSY
log_teg SUSY
mu_3e SUSY

tau_3mu SUSY
tau_3e SUSY

gminus2_mu SUSY
Robs_mu_e_gamma SUSY

Robs_tau_mu_gamma SUSY
Robs_tau_mu_gamma_BelleII SUSY

Robs_tau_e_gamma SUSY
deltaLLi_f SUSY i = 1, 2, 3, f = q, l
deltaRL_ij_u SUSY ij = 12, 13, 23
deltaRL_ij_e SUSY ij = 12, 13, 23, 21, 31, 32
deltaRRi_f SUSY i = 1, 2, 3, f = u, d , e

CCBfij SUSY f = u, d , e, ij = 11, 22, 33, 12, 13, 23
MHl SUSY
MHh SUSY
MHa SUSY
MHp SUSY
Msfi SUSY f = u, d , l , i = 1, 2, 3, 4, 5, 6
Msnui SUSY i = 1, 2, 3
Mchi SUSY i = 1, 2

Msneui SUSY i = 1, 2, 3, 4
Mw_dRho SUSY
mHl_THDM THDM

mHh THDM
mA THDM
mHp THDM

mHlmmA THDM
mAmmHl THDM
mHlmmHp THDM
mHpmmHl THDM
mHhmmA THDM
mAmmHh THDM
mHhmmHp THDM
mHpmmHh THDM
mAmmHp THDM
mHpmmA THDM
mii_2 THDM ii = 11, 22

lambdai THDM i = 1, 2, 3, 4, 5
lambda345 THDM

g_hhh THDM
g_hhHh THDM
g_hHhHh THDM
g_HhHhHh THDM
g_hAA THDM
g_HhAA THDM
g_hHpHm THDM
g_HhHpHm THDM
Yi_THDM THDM i = 1, 2, 3
Zi_THDM THDM i = 1, 2, 3, 4, 5, 6, 7
xin_THDM THDM n = 0, 1, 3
etax_THDM THDM x = 00, 3
Eii_THDM THDM ii = 11, 22, 33
HHlambdai THDM i = 1, 2, 3, 4, 5, 6

Q_st THDM
DeltaQ_THDM THDM

giatQ THDM i = 1, 2, 3
YtopatQ THDM

YbottomatQ THDM
YtauatQ THDM
mij_2atQ THDM ij = 11, 22, 12

lambdaiatQ THDM i = 1, 2, 3, 4, 5
positivityi THDM i = 1, 2

globalminimum THDM
unitarityi THDM i = {1 . . . 12}

unitaritya1σodd THDM σ = 0, 1
unitaritya1σoddRe THDM σ = 0, 1
unitaritya1σoddIm THDM σ = 0, 1
unitarityaY σZ2s THDM Y σ = 00, 01, 11, Z2 = odd , even, s = p,m

unitarityaY σZ2sRe THDM Y σ = 00, 01, 11, Z2 = odd , even, s = p,m
unitarityaY σZ2sIm THDM Y σ = 00, 01, 11, Z2 = odd , even, s = p,m

unitarityRpi THDM i = 1, 2, 3, 4, 5, 6, 9, 10, 13, 14, 19, 20
unitarityRi THDM i = 1, 2, 3, 4, 5, 6, 9, 10, 13, 14, 19, 20

ggF_tth_htobb THDM
ggF_tth_htoWW THDM

ggF_tth_htotautau THDM
ggF_tth_htoZZ THDM

ggF_tth_htogaga THDM
VBF_Vh_htobb THDM
VBF_Vh_htoWW THDM

VBF_Vh_htotautau THDM
VBF_Vh_htoZZ THDM

VBF_Vh_htogaga THDM
Gamma_h_THDM THDM
rh_gaga_THDM THDM
rh_gg_THDM THDM

HEPfit name Model(s) Comments
Robs_Bσ THDM Bσ ∈ ggF_H_tautau_ATLAS,

ggF_H_tautau_CMS,
bbF_H_tautau_ATLAS,
bbF_H_tautau_CMS,
pp_H_gaga_ATLAS,
ggF_H_gaga_CMS,
mu_pp_H_VV_CMS,
ggF_H_ZZ_ATLAS,
VBF_H_ZZ_ATLAS,
ggF_H_WW_ATLAS,
VBF_H_WW_ATLAS,
ggF_H_hh_ATLAS,
pp_H_hh_CMS,
ggF_H_hh_bbtautau_CMS,
pp_H_hh_bbbb_CMS,
pp_H_hh_gagabb_CMS,
ggF_H_tt_ATLAS,
bbF_H_bb_CMS

log10_Bσ THDM Bσ ∈ ggF_H_tautau_TH,
bbF_H_tautau_TH,
pp_H_gaga_TH,
ggF_H_gaga_TH,
mu_pp_H_VV_TH,
ggF_H_ZZ_TH,
VBF_H_ZZ_TH,
ggF_H_WW_TH,
VBF_H_WW_TH,
ggF_H_hh_TH,
pp_H_hh_TH,
ggF_H_hh_bbtautau_TH,
pp_H_hh_bbbb_TH,
pp_H_hh_gagabb_TH,
ggF_H_tt_TH,
bbF_H_bb_TH

Gamma_HH_THDM THDM
rHH_gg_THDM THDM

BR_HH_hh_THDM THDM
BR_HH_AA_THDM THDM

BR_HH_HpHm_THDM THDM
BR_HH_AZ_THDM THDM
BR_HH_HpW_THDM THDM

Robs_Bσ THDM Bσ ∈ ggF_A_tautau_ATLAS,
ggF_A_tautau_CMS,
bbF_A_tautau_ATLAS,
bbF_A_tautau_CMS,
pp_A_gaga_ATLAS,
ggF_A_gaga_CMS,
pp_A_Zga_llga_CMS,
ggF_A_hZ_bbll_CMS,
ggF_A_hZ_bbZ_ATLAS,
ggF_A_hZ_tautaull_CMS,
ggF_A_hZ_tautauZ_ATLAS,
ggF_A_tt_ATLAS,
bbF_A_bb_CMS

log10_Bσ THDM Bσ ∈ ggF_A_tautau_TH,
bbF_A_tautau_TH,
pp_A_gaga_TH,
ggF_A_gaga_TH,
pp_A_Zga_llga_TH,
ggF_A_hZ_bbll_TH,
ggF_A_hZ_bbZ_TH,
ggF_A_hZ_tautaull_TH,
ggF_A_hZ_tautauZ_TH,
ggF_A_tt_TH,
bbF_A_bb_TH

Gamma_A_THDM THDM
rA_gg_THDM THDM

BR_A_HZ_THDM THDM
BR_A_hZ_THDM THDM
BR_A_HpW_THDM THDM

DeltaS THDM
DeltaT THDM
DeltaU THDM

B_BtoXsgammaTHDM THDM Interpolation of tabled values

EWPO

Higgs

Flav
our

Flav
our

SUSY

2HDM
2HDM
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HEPfit – observables
HEPfit name Model(s) Comments

MtMSbar SM
Mw SM

GammaW SM
GammaZ SM

sigmaHadron SM
sin2thetaEff SM

PtauPol SM
Alepton SM
Acharm SM
Abottom SM

AFBlepton SM
AFBcharm SM
AFBbottom SM
Rlepton SM
Rcharm SM
Rbottom SM
ggHx SM x ∈ 7, 8, 13, 14, 100, 196; without x default is 8
VBFx SM x ∈ 7, 8, 13, 14, 100, 196; without x default is 8
WHx SM x ∈ 7, 8, 13, 14, 100; without x default is 8
ZHx SM x ∈ 7, 8, 13, 14, 100; without x default is 8
VHx SM x ∈ 7, 8, 13, 14, 100, 196; without x default is 8

ggH+ttHx SM x ∈ 8, 13, 14, 100; without x default is 8
VBF+VHx SM x ∈ 8, 13, 14, 100; without x default is 8
ttHx SM x ∈ 7, 8, 13, 14, 100, 196; without x default is 8
eeZHx SM x ∈ 240, 250, 500, 1000
eeWBFx SM x ∈ 250, 350, 500, 1000
eettHx SM x ∈ 500, 1000

BrHggRatio SM
BrHWWRatio SM
BrHZZRatio SM
BrHZgaRatio SM
BrHgagaRatio SM
BrHmumuRatio SM

BrHtautauRatio SM
BrHccRatio SM
BrHbbRatio SM
epsilonx SM x = 1, 2, 3, b

DmBd SM
DmBs SM,THDM

SJPsiK SM
Betas_JPsiPhi SM

EpsilonK SM
DmK SM
Vij SM i = u, c , t; j = d , s, b

alpha SM
alpha_2a SM
gamma SM
beta SM
betas SM

2betapgamma SM
s2beta SM
c2beta SM
CKM_rho SM
CKM_eta SM

sintheta12 SM
sintheta13 SM
sintheta23 SM
ckmdelta SM

J_CP SM
Rt SM
Rts SM
Rb SM

VtdoVts SM
Abslam_x SM x ∈ u, c, t, ud , cd , td , us, cs, ts
Relam_x SM x ∈ u, c, t, ud , cd , td , us, cs, ts
Imlam_x SM x ∈ u, c, t, ud , cd , td , us, cs, ts

BR_Bdmumu SM
BRbar_Bdmumu SM

Amumu_Bd SM
Smumu_Bd SM
BR_Bsmumu SM

BRbar_Bsmumu SM
Amumu_Bs SM
Smumu_Bs SM

BR_BdmumuOBR_Bsmumu SM

HEPfit name Model(s) Comments
BR_bsgamma SM
ACP_bsgamma SM
BR_bdgamma SM
ACP_bdgamma SM
BR_bqgamma SM
ACP_bqgamma SM
P_i_BdKstmu SM i ∈ 1, 2, 3, 4p, 5p, 6p, 8p
P_i_BdKste SM i ∈ 1, 2, 3

Gammap_BdKstmu SM
A_FB_BdKstmu SM
BR_BdKstmu SM
BR_BdKste SM

RKst_BdKstll SM
RKstL_BdKstll SM
RKstT_BdKstll SM
R6_BdKstll SM
ACP_BdKstmu SM
P3CP_BdKstmu SM
F_L_BdKstmu SM
F_L_BdKste SM
M_i_BdKstmu SM i ∈ 1p, 2p
S_i_BdKstmu SM i ∈ 3, 4, 5, 7, 8, 9
A_i_BdKstmu SM i ∈ 6, 9
P_if_BdKstmu SM i ∈ 1, 2, 3, 4p, 5p, 6p, 8p

Gammapf_BdKstmu SM
BRf_BdKstmu SM

A_FBf_BdKstmu SM
F_Lf_BdKstmu SM
S_if_BdKstmu SM i ∈ 3, 4, 5, 7, 8, 9
P_relationf SM

P_relation_exactf SM
Vx_BdKstmu SM x ∈ 0, p,m
Tx_BdKstmu SM x ∈ 0, p,m
S_BdKstmu SM

QCDfC9_if_BdKstmu SM i ∈ 1, 2, 3
QCDfC9p_if_BdKstmu SM i ∈ 1, 2, 3
Regtilde_i_BdKstmu SM i ∈ 1, 2, 3
Imgtilde_i_BdKstmu SM i ∈ 1, 2, 3
Absgtilde_i_BdKstmu SM i ∈ 1, 2, 3
Arggtilde_i_BdKstmu SM i ∈ 1, 2, 3

Reh_x_BdKstmu SM x ∈ 0, p,m
Imh_x_BdKstmu SM x ∈ 0, p,m
Absh_x_BdKstmu SM x ∈ 0, p,m
Argh_x_BdKstmu SM x ∈ 0, p,m
A_FB_BpKstmu SM
F_L_BpKstmu SM
BR_BpKstmu SM

BR_BKstgamma SM
C_BKstgamma SM
S_BKstgamma SM

ADG_BKstgamma SM
DC7_i SM i ∈ 1, 2

AbsDC7_x SM x ∈ L,R
ReDC7_x SM x ∈ L,R
ImDC7_x SM x ∈ L,R
hp0_hm0 SM

BR_BpKstgamma SM
P_i_Bsphimu SM i ∈ 1, 2, 3, 4p, 5p, 6p, 8p

Gammap_Bsphimu SM
A_FB_Bsphimu SM
BR_Bsphimu SM

Rphi_Bsphill SM
RphiL_Bsphill SM
RphiT_Bsphill SM
R6_Bsphill SM
ACP_Bsphimu SM
P3CP_Bsphimu SM
F_L_Bsphimu SM
M_i_Bsphimu SM i ∈ 1p, 2p
S_i_Bsphimu SM i ∈ 3, 4, 5, 7, 8, 9
A_i_Bsphimu SM i ∈ 6, 9

BR_Bsphigamma SM
C_Bsphigamma SM
S_Bsphigamma SM

ADG_Bsphigamma SM
BR_BKmu SM
BR_BKe SM
RK_BKll SM
btaunu SM,THDM

HEPfit name Model(s) Comments
mu_e_gamma SUSY
log_meg SUSY

tau_mu_gamma SUSY
log_tmg SUSY

tau_e_gamma SUSY
log_teg SUSY
mu_3e SUSY

tau_3mu SUSY
tau_3e SUSY

gminus2_mu SUSY
Robs_mu_e_gamma SUSY

Robs_tau_mu_gamma SUSY
Robs_tau_mu_gamma_BelleII SUSY

Robs_tau_e_gamma SUSY
deltaLLi_f SUSY i = 1, 2, 3, f = q, l
deltaRL_ij_u SUSY ij = 12, 13, 23
deltaRL_ij_e SUSY ij = 12, 13, 23, 21, 31, 32
deltaRRi_f SUSY i = 1, 2, 3, f = u, d , e

CCBfij SUSY f = u, d , e, ij = 11, 22, 33, 12, 13, 23
MHl SUSY
MHh SUSY
MHa SUSY
MHp SUSY
Msfi SUSY f = u, d , l , i = 1, 2, 3, 4, 5, 6
Msnui SUSY i = 1, 2, 3
Mchi SUSY i = 1, 2

Msneui SUSY i = 1, 2, 3, 4
Mw_dRho SUSY
mHl_THDM THDM

mHh THDM
mA THDM
mHp THDM

mHlmmA THDM
mAmmHl THDM
mHlmmHp THDM
mHpmmHl THDM
mHhmmA THDM
mAmmHh THDM
mHhmmHp THDM
mHpmmHh THDM
mAmmHp THDM
mHpmmA THDM
mii_2 THDM ii = 11, 22

lambdai THDM i = 1, 2, 3, 4, 5
lambda345 THDM

g_hhh THDM
g_hhHh THDM
g_hHhHh THDM
g_HhHhHh THDM
g_hAA THDM
g_HhAA THDM
g_hHpHm THDM
g_HhHpHm THDM
Yi_THDM THDM i = 1, 2, 3
Zi_THDM THDM i = 1, 2, 3, 4, 5, 6, 7
xin_THDM THDM n = 0, 1, 3
etax_THDM THDM x = 00, 3
Eii_THDM THDM ii = 11, 22, 33
HHlambdai THDM i = 1, 2, 3, 4, 5, 6

Q_st THDM
DeltaQ_THDM THDM

giatQ THDM i = 1, 2, 3
YtopatQ THDM

YbottomatQ THDM
YtauatQ THDM
mij_2atQ THDM ij = 11, 22, 12

lambdaiatQ THDM i = 1, 2, 3, 4, 5
positivityi THDM i = 1, 2

globalminimum THDM
unitarityi THDM i = {1 . . . 12}

unitaritya1σodd THDM σ = 0, 1
unitaritya1σoddRe THDM σ = 0, 1
unitaritya1σoddIm THDM σ = 0, 1
unitarityaY σZ2s THDM Y σ = 00, 01, 11, Z2 = odd , even, s = p,m

unitarityaY σZ2sRe THDM Y σ = 00, 01, 11, Z2 = odd , even, s = p,m
unitarityaY σZ2sIm THDM Y σ = 00, 01, 11, Z2 = odd , even, s = p,m

unitarityRpi THDM i = 1, 2, 3, 4, 5, 6, 9, 10, 13, 14, 19, 20
unitarityRi THDM i = 1, 2, 3, 4, 5, 6, 9, 10, 13, 14, 19, 20

ggF_tth_htobb THDM
ggF_tth_htoWW THDM

ggF_tth_htotautau THDM
ggF_tth_htoZZ THDM

ggF_tth_htogaga THDM
VBF_Vh_htobb THDM
VBF_Vh_htoWW THDM

VBF_Vh_htotautau THDM
VBF_Vh_htoZZ THDM

VBF_Vh_htogaga THDM
Gamma_h_THDM THDM
rh_gaga_THDM THDM
rh_gg_THDM THDM

HEPfit name Model(s) Comments
Robs_Bσ THDM Bσ ∈ ggF_H_tautau_ATLAS,

ggF_H_tautau_CMS,
bbF_H_tautau_ATLAS,
bbF_H_tautau_CMS,
pp_H_gaga_ATLAS,
ggF_H_gaga_CMS,
mu_pp_H_VV_CMS,
ggF_H_ZZ_ATLAS,
VBF_H_ZZ_ATLAS,
ggF_H_WW_ATLAS,
VBF_H_WW_ATLAS,
ggF_H_hh_ATLAS,
pp_H_hh_CMS,
ggF_H_hh_bbtautau_CMS,
pp_H_hh_bbbb_CMS,
pp_H_hh_gagabb_CMS,
ggF_H_tt_ATLAS,
bbF_H_bb_CMS

log10_Bσ THDM Bσ ∈ ggF_H_tautau_TH,
bbF_H_tautau_TH,
pp_H_gaga_TH,
ggF_H_gaga_TH,
mu_pp_H_VV_TH,
ggF_H_ZZ_TH,
VBF_H_ZZ_TH,
ggF_H_WW_TH,
VBF_H_WW_TH,
ggF_H_hh_TH,
pp_H_hh_TH,
ggF_H_hh_bbtautau_TH,
pp_H_hh_bbbb_TH,
pp_H_hh_gagabb_TH,
ggF_H_tt_TH,
bbF_H_bb_TH

Gamma_HH_THDM THDM
rHH_gg_THDM THDM

BR_HH_hh_THDM THDM
BR_HH_AA_THDM THDM

BR_HH_HpHm_THDM THDM
BR_HH_AZ_THDM THDM
BR_HH_HpW_THDM THDM

Robs_Bσ THDM Bσ ∈ ggF_A_tautau_ATLAS,
ggF_A_tautau_CMS,
bbF_A_tautau_ATLAS,
bbF_A_tautau_CMS,
pp_A_gaga_ATLAS,
ggF_A_gaga_CMS,
pp_A_Zga_llga_CMS,
ggF_A_hZ_bbll_CMS,
ggF_A_hZ_bbZ_ATLAS,
ggF_A_hZ_tautaull_CMS,
ggF_A_hZ_tautauZ_ATLAS,
ggF_A_tt_ATLAS,
bbF_A_bb_CMS

log10_Bσ THDM Bσ ∈ ggF_A_tautau_TH,
bbF_A_tautau_TH,
pp_A_gaga_TH,
ggF_A_gaga_TH,
pp_A_Zga_llga_TH,
ggF_A_hZ_bbll_TH,
ggF_A_hZ_bbZ_TH,
ggF_A_hZ_tautaull_TH,
ggF_A_hZ_tautauZ_TH,
ggF_A_tt_TH,
bbF_A_bb_TH

Gamma_A_THDM THDM
rA_gg_THDM THDM

BR_A_HZ_THDM THDM
BR_A_hZ_THDM THDM
BR_A_HpW_THDM THDM

DeltaS THDM
DeltaT THDM
DeltaU THDM

B_BtoXsgammaTHDM THDM Interpolation of tabled values

EWPO

Higgs
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our
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2HDM
2HDM
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Flavour observables

B-B and K -K mixing
B → τν

B → µ+µ−

b → qγ

B → K ∗``, B → K ∗γ

B → K``

B → φ``, B → φγ

CKM matrix parametrizations

Figure 1. Results of the full fit and experimental results for the B ! K⇤µ+µ� angular observables.
Here and in the following, we use darker (lighter) colours for the 68% (95%) probability regions.

– 7 –
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EW physics – precision observables

Experiment

Z resonance
Cross sections
(total and differential)
Asymmetries
(LR, FB)

W resonance

t resonance
(g − 2)µ
τ decays
h resonance

→

→
→
→
→
→

Observables

mZ , ΓZ , σ0had

R0
b/c/`, A

0,b/c/`
FB

Ab/c/`, sin2 θeff`

mW , ΓW

mt

∆α
(5)
had

αs

mh

←

Theory

SM calculations
up to 3-loop
precision
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EWPO – SM fit with HEPfit
Measurement Posterior Prediction Pull

αs(MZ) 0.1180± 0.0010 0.1180± 0.0009 0.1184± 0.0028 -0.1

∆α
(5)
had(MZ) 0.02750± 0.00033 0.02743± 0.00025 0.02734± 0.00037 0.3

MZ [GeV] 91.1875± 0.0021 91.1880± 0.0021 91.198± 0.010 -1.0
mt [GeV] 173.1± 0.6± 0.5 173.43± 0.74 176.1± 2.2 -1.3
mH [GeV] 125.09± 0.24 125.09± 0.24 100.6± 23.6 1.0

MW [GeV] 80.379± 0.012 80.3643± 0.0058 80.3597± 0.0067 1.4
ΓW [GeV] 2.085± 0.042 2.08873± 0.00059 2.08873± 0.00059 -0.1

sin2 θlept
eff (Qhad

FB ) 0.2324± 0.0012 0.231454± 0.000084 0.231449± 0.000085 0.8

Ppol
τ = A` 0.1465± 0.0033 0.14756± 0.00066 0.14761± 0.00067 -0.3

ΓZ [GeV] 2.4952± 0.0023 2.49424± 0.00056 2.49412± 0.00059 0.5
σ0
h [nb] 41.540± 0.037 41.4898± 0.0050 41.4904± 0.0053 1.3
R0
` 20.767± 0.025 20.7492± 0.0060 20.7482± 0.0064 0.7

A0,`
FB 0.0171± 0.0010 0.01633± 0.00015 0.01630± 0.00015 0.8

A` (SLD) 0.1513± 0.0021 0.14756± 0.00066 0.14774± 0.00074 1.6
R0
b 0.21629± 0.00066 0.215795± 0.000027 0.215793± 0.000027 0.7

R0
c 0.1721± 0.0030 0.172228± 0.000020 0.172229± 0.000021 -0.05

A0,b
FB 0.0992± 0.0016 0.10345± 0.00047 0.10358± 0.00052 -2.6

A0,c
FB 0.0707± 0.0035 0.07394± 0.00036 0.07404± 0.00040 -0.9

Ab 0.923± 0.020 0.934787± 0.000054 0.934802± 0.000061 -0.6
Ac 0.670± 0.027 0.66813± 0.00029 0.66821± 0.00032 0.1

sin2 θlept
eff (Tev/LHC) 0.23166± 0.00032 0.231454± 0.000084 0.231438± 0.000087 0.7

Table 1: Experimental measurement, posterior, prediction, and pull for the 5 input parameters (αs(MZ),

∆α
(5)
had(MZ), MZ , mt, mH), and for the main EWPO considered in the SM fit. The values in the column

Prediction are determined without using the experimental information for the corresponding observable.

in the output of the ST fit (U = 0) can be observed at the 10% level. The role of each of the updated
measurements in this small changes is summarized in Figure 1.

A model-independent description of indirect effects of NP (consistent with the SM symmetries and
spectrum at low energies) is provided by the SM Effective Field Theory (SMEFT). The Lagrangian of
the SMEFT extends the SM with higher-dimensional operators encoding the low-energy effects of the NP
upon integrating out the high-energy degrees of freedom [8],

LEff = LSM +
∑

d

1

Λd−4
Ld = LSM + L5 +

∑

i

ci
Λ2
O(6)
i + · · · . (1)

The expansion in Eq. (1) has been truncated at the dimension-6 level, which parameterizes the leading
order NP effects in most observables in the electroweak sector. We use the basis of Ref. [9], where we refer
the reader for the definitions of the dimension-6 interactions. The results of the global fit to EWPO are
summarized in Figure 2. The left panel shows the bounds on the Wilson coefficients, ci/Λ

2, from a fit
including all the independent operators entering in the EWPO, compared to the bounds derived assuming
that only one operator is present at a time.3 (See also [10] for related work.) The results indicate the presence
of a significant correlation between the contributions from different operators. Hence, saturating the actual
95% probability limits would require a significant fine tuning in the high energy theory in order to reproduce
the observed correlations. In cases where such alignment is not present in the ultraviolet completion, the
limits obtained turning on only one operator at a time may provide a more realistic order-of-magnitude
estimate of the actual constraints on the NP interaction scale (see right panel of Figure 2).

3While there are 10 operators in [9] that enter in EWPO, the fit can only constrain 8 combinations. In our case, we take
this into account by performing a small change of basis that trades the operators OφWB and OφD with 2 interactions that do
not enter in EWPO (but correct Higgs observables).

2

[1710.05402]
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EW physics – precision observables for New Physics

Experiment

Z resonance
Cross sections
(total and differential)
Asymmetries
(LR, FB)

W resonance

t resonance
(g − 2)µ
τ decays
h resonance

→

→
→
→
→
→

Observables

mZ , ΓZ , σ0had

R0
b/c/`, A

0,b/c/`
FB

Ab/c/`, sin2 θeff`

mW , ΓW

mt

∆α
(5)
had

αs

mh

Theory

NP calculations

→

↓

EW pseudo-
observables
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EWPO – pseudo-observables

ρ parameter [Kennedy, Lynn]

Peskin-Takeuchi parameters (oblique paramters) S , T , U

Altarelli-Barbieri parameters ε1, ε2, ε3, εb

[Kennedy-Langacker parameters hV , hAZ , hAW ]

depend on
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EWPO – STU

Result Correlation Matrix

S 0.09± 0.10 1.00
(0.08± 0.10)

T 0.11± 0.12 0.86 1.00
(0.11± 0.12) (0.85)

U −0.01± 0.09 − 0.56 − 0.84 1.00
(0.00± 0.09) (−0.49) (−0.79)

S 0.09± 0.08 1.00
(0.08± 0.09)

T 0.10± 0.06 0.87 1.00
(0.11± 0.07) (0.86)

(U = 0)

Table 2: Results of the fit for the oblique parameters S,
T , U ; and S, T (U = 0). Results without the updates
from HC are given in parenthesis.

0.5− 0 0.5

S

0.5−

0

0.5

T

U=0

All

WM

Asymmetries

ZΓ

HEP fit

Figure 1: 68% and 95% probability contours for
S and T (U = 0), together with the individual
constraints from MW , the asymmetry parameters
sin2 θlept

eff , P pol
τ , Af , and A0,f

FB (f = `, c, b), and ΓZ .
Dashed lines indicate the results from the fit without
the updates from HC EWPO.
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Figure 2: (Left) 68% and 95% probability limits on the dimension-6 operator coefficients ci/Λ
2 [TeV−2] from

the fit to EWPO including all operators (in blue), compared with the bounds obtained assuming only one
operator at a time (in red). (Right) 95% probability limits on the NP interaction scale for the fits assuming
only one operator at a time, showing also the effect of including the new HC data in each fit.

3 Update on the Higgs boson constraints at the LHC Run 2

In this section we discuss the impact of the latest measurements of the Higgs boson signal strengths at the
LHC Run 2 4 in constraining NP beyond the SM. For illustration purposes, in the left panel of Figure 3 we
show the improvements obtained with Run-2 data in the κV -κf plane for the different Higgs decay channels,
with κV (κf ) a universal rescaling of the Higgs boson couplings to vector bosons (fermions). When combined,
despite the improvement in the constraints, we observe that the bounds on κV are still dominated by the
indirect effects in the EWPO (see central panel in Figure 3).

Turning our attention back to the dimension-6 SMEFT, the right panel of Figure 3 shows the results from

4Including all data as of September 2017. See [11] for previous results using only Run-1 data.

3

[1710.05402]
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EWPO – δε1, δε2, δε3, δεb

1εδ
0.004− 0.002− 0 0.002 0.004

3εδ

0

0.005

68% Probability

95% Probability

99% Probability

HEP fit

1εδ
0.004− 0.002− 0 0.002 0.004

bεδ

0.005−

0

0.005

68% Probability
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Figure 4. Two-dimensional probability distributions for δε1 and δε3 (left), and δε1 and δεb (right)

varying all δεi parameters. From darker to lighter the different regions correspond to 68%, 95%,

and 99% probability.

beyond those connected to the S, T , and U parameters. More precisely,

δε1 = αT −W + 2X
sin θW
cos θW

− Y sin2 θW
cos2 θW

, (4.2)

δε2 = − α

4 sin2 θW
U −W + 2X

sin θW
cos θW

− V, (4.3)

δε3 =
α

4 sin2 θW
S −W +

X

sin θW cos θW
− Y, (4.4)

where V, W, X, Y are part of the extended set of oblique parameters defined in [36].

With the results in table 7 and the above equations, one can therefore obtain approximate

constraints on NP scenarios with vanishing contributions to S, T , and/or U but non-zero

values of some of the other parameters (V , W , X, and Y ).

4.2 Modified Zbb̄ couplings

Motivated by the apparent discrepancy between the SM prediction for A0,b
FB and the corre-

sponding experimental result, we also consider here the case where dominant NP contribu-

tions appear in the Zbb̄ couplings. We parameterize NP contributions to the Zbb̄ couplings

as follows:

gbi = gbi,SM + δgbi for i = L, R or V, A , (4.5)

and we present results for both V , A, and L, R couplings. Details on the definitions

of these couplings can be found in ref. [3]. The EW precision fit finds four solutions

for these couplings, but two of them are disfavoured by the off-peak measurement of the

forward-backward asymmetry in e+e− → bb̄ [37]. In table 8 and figure 5, we present only

the solution closer to the SM. The observed deviations from zero of the parameters δgbi
reflect the deviation from the SM of the measured value of A0,b

FB. While the agreement

– 12 –
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EWPO – δgL, δgR , δgV , δgA

gb
i = gb

i ,SM + δgb
i for i = L,R or V ,A

between the SM and R0
b results in a preferred value of δgbL consistent with the SM at the

2σ level, a sizeable contribution to δgbR is required to explain the A0,b
FB, and the resulting

95% probability region in the δgbL-δgbR plane is only marginally compatible with the SM

predictions.

Result Correlation Matrix

δgbR 0.016± 0.006 1.00

δgbL 0.002± 0.001 0.90 1.00

δgbV 0.018± 0.007 1.00

δgbA −0.013± 0.005 −0.98 1.00

Table 8. Results of the fit for the shifts in the Zbb̄ couplings.
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Figure 5. Two-dimensional probability distributions for δgbR, δgbL (left), and δgbV , δgbA (right). In

the left plot, the dark (light) regions correspond to 68% (95%) probability regions.

4.3 Modified Zbb̄ couplings and oblique corrections

In several extensions of the SM, oblique corrections and modifications of the Zbb̄ vertex

occur simultaneously, possibly affecting only a specific chirality of the vertex (see for ex-

ample refs. [38, 39]). We therefore consider the following cases: oblique contributions with

i) δgbL and δgbR, ii) δgbL only and iii) δgbR only. The corresponding results are presented in

table 9.

5 Constraints on Higgs-boson couplings

In addition to the standard set of EWPO, we have considered all most recent measurements

of Higgs-boson signal strengths, i.e. the ratio between the measured effective cross section

and the corresponding SM prediction (µ ≡ σ/σSM), taken from refs. [40, 41] for H → γγ,

– 13 –
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EWPO at future colliders

old. From the shape of the differential cross section one can derive the top-quark mass in

different theoretically well-defined schemes, e.g. the potential-subtracted (PS) top-quark

mass [93], or the so-called 1S top-quark mass [94]. In both schemes the top-quark mass can

be extracted with a theoretical uncertainty . 50 MeV [95, 96], to be added to the expected

statistical uncertainties shown in table 19. The relation between the PS or 1S top-quark

mass and the MS top-quark mass has been calculated to 4 loops in perturbative QCD [97],

and introduces an additional uncertainty of approximately ∼ 20 MeV (∼ 10 MeV) in the

translation from the PS (1S) mass. In our fits we will assume a combined uncertainty in

the top-quark mass of 50 MeV for both the ILC and FCCee-tt̄ scenarios.

Current HL-LHC ILC FCCee CepC

Data (Run)

αs(MZ) 0.1179±0.0012

∆α
(5)
had(MZ) 0.02750±0.00033

MZ [GeV] 91.1875±0.0021 ±0.0001 (FCCee-Z) ±0.0005

mt [GeV] 173.34±0.76 ±0.6 ±0.017 ±0.014 (FCCee-tt̄)

mH [GeV] 125.09±0.24 ±0.05 ±0.015 ±0.007 (FCCee-HZ) ±0.0059

MW [GeV] 80.385±0.015 ±0.011 ±0.0024 ±0.001 (FCCee-WW ) ±0.003

ΓW [GeV] 2.085±0.042 ±0.005 (FCCee-WW )

ΓZ [GeV] 2.4952±0.0023 ±0.0001 (FCCee-Z) ±0.0005

σ0
h [nb] 41.540±0.037 ±0.025 (FCCee-Z) ±0.037

sin2 θlept
eff 0.2324±0.0012 ±0.0001 (FCCee-Z) ±0.000023

P pol
τ 0.1465±0.0033 ±0.0002 (FCCee-Z)

A` 0.1513±0.0021 ±0.000021 (FCCee-Z [pol])

Ac 0.670±0.027 ±0.01 (FCCee-Z [pol])

Ab 0.923±0.020 ±0.007 (FCCee-Z [pol])

A0,`
FB 0.0171±0.0010 ±0.0001 (FCCee-Z) ±0.0010

A0,c
FB 0.0707±0.0035 ±0.0003 (FCCee-Z)

A0,b
FB 0.0992±0.0016 ±0.0001 (FCCee-Z) ±0.00014

R0
` 20.767±0.025 ±0.001 (FCCee-Z) ±0.007

R0
c 0.1721±0.0030 ±0.0003 (FCCee-Z)

R0
b 0.21629±0.00066 ±0.00006 (FCCee-Z) ±0.00018

Table 19. Expected experimental sensitivities to the different EWPO at future colliders.

Apart from the improvements quoted in this table, we also assume that future measurements of

∆α
(5)
had(MZ) and αS(MZ), whose errors dominate in the parametric uncertainties of the theoretical

predictions, are possible with an error of approximately ±5× 10−5 and ±0.0002, respectively. This

assumption is particularly relevant for the FCCee and CepC fits, where the experimental precision

for the bulk of electroweak precision measurements will be largely improved.

In what follows we estimate the sensitivity to the different new physics scenarios at the

above-mentioned future experiments. To do so, we assume that the future experimental

measurements will be fully compatible with the SM predictions. In particular, we use the

following reference values of the SM input parameters (see column Posterior in table 1),

mH = 125.09 GeV, mt = 173.61 GeV, MZ = 91.1879 GeV,

αs(MZ) = 0.1180 and ∆α
(5)
had(MZ) = 0.02747,

(6.1)
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Apart from the improvements quoted in this table, we also assume that future measurements of

∆α
(5)
had(MZ) and αS(MZ), whose errors dominate in the parametric uncertainties of the theoretical

predictions, are possible with an error of approximately ±5× 10−5 and ±0.0002, respectively. This

assumption is particularly relevant for the FCCee and CepC fits, where the experimental precision

for the bulk of electroweak precision measurements will be largely improved.

In what follows we estimate the sensitivity to the different new physics scenarios at the

above-mentioned future experiments. To do so, we assume that the future experimental

measurements will be fully compatible with the SM predictions. In particular, we use the

following reference values of the SM input parameters (see column Posterior in table 1),

mH = 125.09 GeV, mt = 173.61 GeV, MZ = 91.1879 GeV,

αs(MZ) = 0.1180 and ∆α
(5)
had(MZ) = 0.02747,
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Figure 11. Comparison of expected sensitivities to EW parameters (left) and Higgs couplings

(right) from future collider experiments. Different shades of the same colour correspond to results

including or neglecting the future theoretical uncertainties.

or CepC precision. Matching the CepC would be possible after a luminosity upgrade

even in the absence of a dedicated run at
√
s = 1 TeV. Including such a run in the

physics program would make the ILC the best overall machine for the determination of

the Higgs-boson properties (one exception would be the couplings to leptons, where the

FCCee still offers the more precise measurement). In particular, while the FCCee and the

CepC Higgs-boson runs will only explore center-of-mass energies
√
s ≈ 240 GeV, where

Higgs-boson production occurs mostly via ZH associated production, running at the ILC

with
√
s = 500 GeV or

√
s = 1000 GeV gives also access to W -boson fusion production, as

well as tt̄H associated production. This results in a determination of κW approximately

10 times more precise than at the FCCee/CepC.
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Current HL-LHC ILC FCCee CepC

Z (no pol) Z (pol) WW tt̄

∆S [×10−3] 100 99 99 99 12 7.8 11 6.4 11 6.4 11 6.3 21 19

∆T [×10−3] 120 120 120 120 13 8.1 13 7.9 13 7.9 12 5.8 28 26

∆U [×10−3] 95 87 83 82 32 31 32 31 9.8 5.4 9.6 5.2 21 20

∆S [×10−3] 91 81 79 79 12 7.8 11 6.4 9.5 6.1 9.5 6 14 12

∆T [×10−3] 72 63 52 52 13 8.1 13 7.9 10 7.4 6.8 3.6 16 15

(U = 0)

∆εNP
1 [×10−5] 96 96 96 95 11 7.3 11 7.2 11 7.2 9.5 4.7 25 23

∆εNP
2 [×10−5] 86 81 77 76 29 28 28 28 8.6 4.8 8.5 4.7 21 19

∆εNP
3 [×10−5] 91 87 88 87 9.9 6.6 9.3 5.5 9.2 5.5 9.3 5.5 20 18

∆εNP
b [×10−5] 130 130 130 130 15 12 15 12 15 12 14 11 41 37

∆δgbL [×10−4] 14 14 14 14 1.5 1.3 1.2 1.1 1.2 1.1 1.2 1.1 2.4 2.2

∆δgbR [×10−4] 72 70 70 70 7.1 6.6 5.3 5.3 5.3 5.3 5.3 5.3 8.9 8.6

∆κV [×10−3] 22 14 4.5 4.4 4.6 3.9 4.4 3.7 4.1 3.7 1.8 1.3 5 4.7

Table 22. Comparison of the current and expected sensitivities, ∆, to the different NP scenarios at the future colliders considered in this study.

In this table, the future projections for the sensitivity to κV has been computed considering only the improvements in EWPO. (See table 23 for the

projections using EWPO and Higgs-boson observables.) For the case of future lepton colliders we quote results that also include the expected future

theoretical errors given in table 21 (dark background), as well as results in which the theoretical errors have been neglected (white background).
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The completion of the SM?
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Figure 14: Negative log-likelihood contours at 68% CL in the (µ f
ggF+ttH , µ f

VBF+VH) plane for the combination of
ATLAS and CMS, as obtained from the ten-parameter fit described in the text for each of the five decay channels
H → ZZ, H → WW, H → γγ, H → ττ, and H → bb. The best fit values obtained for each of the five decay
channels are also shown, together with the SM expectation.

mass measurements in the different channels. Several BSM models predict, for example, a superposition
of states with indistinguishable mass values [122–125], possibly with different coupling structures to the
SM particles. With such an assumption, it may be possible to distinguish between single and multiple
states by measuring the cross sections of individual production processes independently for each decay
mode, as described in Section 4.1.1. Several methods have been proposed to assess the compatibility
of the data with a single state [126, 127]. A test for the possible presence of overlapping Higgs boson
states is performed, based on a profile likelihood ratio suggested in Ref. [128]. This test accounts both
for missing measurements, such as the H → bb decay mode in the ggF and VBF production processes,
and for uncertainties in the measurements, including their correlations.
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Figure 26: Top: negative log-likelihood contours at 68% and 95% CL in the (κF , κV ) plane on an enlarged scale for
the combination of ATLAS and CMS and for the global fit of all channels. Also shown are the contours obtained
for each experiment separately. Bottom: negative log-likelihood contours at 68% CL in the (κ f

F , κ f
V ) plane for the

combination of ATLAS and CMS and for the individual decay channels as well as for their global combination (κF

versus κV ), assuming that all coupling modifiers are positive.
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mass measurements in the different channels. Several BSM models predict, for example, a superposition
of states with indistinguishable mass values [122–125], possibly with different coupling structures to the
SM particles. With such an assumption, it may be possible to distinguish between single and multiple
states by measuring the cross sections of individual production processes independently for each decay
mode, as described in Section 4.1.1. Several methods have been proposed to assess the compatibility
of the data with a single state [126, 127]. A test for the possible presence of overlapping Higgs boson
states is performed, based on a profile likelihood ratio suggested in Ref. [128]. This test accounts both
for missing measurements, such as the H → bb decay mode in the ggF and VBF production processes,
and for uncertainties in the measurements, including their correlations.
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Current and future signal strength sensitivity
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Effective field theories

Description of New Physics at Λ in a generic way:

Linear EFT (v � Λ)

SMEFT extends the SM
by higher dimensional operators.

Non-linear EFT (v . Λ)

Electroweak chiral Lagrangian
with scalar h and expansion in loops.

Dimension

Loops

4

6

8

0 1 2
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SM effective field theory I

LSMEFT = LSM (+L5) +
1

Λ2

∑

i

ciQ
(6)
i + . . .

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ� (ϕ†ϕ)�(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσ
µνer)τ

IϕW I
µν Q

(1)
ϕl (ϕ†i

↔
Dµ ϕ)(l̄pγ

µlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσ
µνer)ϕBµν Q

(3)
ϕl (ϕ†i

↔
D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσ
µνTAur)ϕ̃G

A
µν Qϕe (ϕ†i

↔
Dµ ϕ)(ēpγ

µer)

QϕW̃ ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσ
µνur)τ

I ϕ̃W I
µν Q

(1)
ϕq (ϕ†i

↔
Dµ ϕ)(q̄pγ

µqr)

QϕB ϕ†ϕBµνB
µν QuB (q̄pσ

µνur)ϕ̃ Bµν Q
(3)
ϕq (ϕ†i

↔
D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνB
µν QdG (q̄pσ

µνTAdr)ϕG
A
µν Qϕu (ϕ†i

↔
Dµ ϕ)(ūpγ

µur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσ
µνdr)τ

IϕW I
µν Qϕd (ϕ†i

↔
Dµ ϕ)(d̄pγ

µdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσ
µνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγ

µdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators
This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis
of independent operators Q(5)

n and Q(6)
n . Their independence means that no linear combination

of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.
Imposing the SM gauge symmetry constraints on Q(5)

n leaves out just a single operator [20],
up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q
(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the
2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄pγµlr)(l̄sγ
µlt) Qee (ēpγµer)(ēsγ

µet) Qle (l̄pγµlr)(ēsγ
µet)

Q
(1)
qq (q̄pγµqr)(q̄sγ

µqt) Quu (ūpγµur)(ūsγ
µut) Qlu (l̄pγµlr)(ūsγ

µut)

Q
(3)
qq (q̄pγµτ

Iqr)(q̄sγ
µτ Iqt) Qdd (d̄pγµdr)(d̄sγ

µdt) Qld (l̄pγµlr)(d̄sγ
µdt)

Q
(1)
lq (l̄pγµlr)(q̄sγ

µqt) Qeu (ēpγµer)(ūsγ
µut) Qqe (q̄pγµqr)(ēsγ

µet)

Q
(3)
lq (l̄pγµτ

I lr)(q̄sγ
µτ Iqt) Qed (ēpγµer)(d̄sγ

µdt) Q
(1)
qu (q̄pγµqr)(ūsγ

µut)

Q
(1)
ud (ūpγµur)(d̄sγ

µdt) Q
(8)
qu (q̄pγµT

Aqr)(ūsγ
µTAut)

Q
(8)
ud (ūpγµT

Aur)(d̄sγ
µTAdt) Q

(1)
qd (q̄pγµqr)(d̄sγ

µdt)

Q
(8)
qd (q̄pγµT

Aqr)(d̄sγ
µTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )

TCuβr
] [

(qγjs )TClkt
]

Q
(1)
quqd (q̄jpur)εjk(q̄

k
sdt) Qqqu εαβγεjk

[
(qαjp )TCqβkr

] [
(uγs )

TCet
]

Q
(8)
quqd (q̄jpT

Aur)εjk(q̄
k
sT

Adt) Qqqq εαβγεjnεkm
[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q
(1)
lequ (l̄jper)εjk(q̄

k
sut) Qduu εαβγ

[
(dαp )

TCuβr
] [

(uγs )
TCet

]

Q
(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut)

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)
Q† are CP-odd (-even) for all the

fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.
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SM effective field theory I

LSMEFT = LSM (+L5) +
1

Λ2

∑

i

ciQ
(6)
i + . . .

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ� (ϕ†ϕ)�(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσ
µνer)τ

IϕW I
µν Q

(1)
ϕl (ϕ†i

↔
Dµ ϕ)(l̄pγ

µlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσ
µνer)ϕBµν Q

(3)
ϕl (ϕ†i

↔
D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσ
µνTAur)ϕ̃G

A
µν Qϕe (ϕ†i

↔
Dµ ϕ)(ēpγ

µer)

QϕW̃ ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσ
µνur)τ

I ϕ̃W I
µν Q

(1)
ϕq (ϕ†i

↔
Dµ ϕ)(q̄pγ

µqr)

QϕB ϕ†ϕBµνB
µν QuB (q̄pσ

µνur)ϕ̃ Bµν Q
(3)
ϕq (ϕ†i

↔
D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνB
µν QdG (q̄pσ

µνTAdr)ϕG
A
µν Qϕu (ϕ†i

↔
Dµ ϕ)(ūpγ

µur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσ
µνdr)τ

IϕW I
µν Qϕd (ϕ†i

↔
Dµ ϕ)(d̄pγ

µdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσ
µνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγ

µdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators
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n and Q(6)
n . Their independence means that no linear combination

of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.
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Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)
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SM nor
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lq → Q
(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the
2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.
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Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)
Q† are CP-odd (-even) for all the

fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.
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SM effective field theory II
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Figure 3: (Left) Comparison of the 95% probability contours on the κV -κf plane allowed by each Higgs
decay channel using Run 1 (dashed lines) and Run 1+2 data (solid regions). (Center) Comparison of the
68% and 95% probability contours in the same plane, from EWPO and current Higgs signal strengths (see [4]
for details). (Right) 95% probability limits on the NP interaction scale from the fit to each dimension 6
operator in the SMEFT (1 operator at a time).

the fits to the interactions entering in Higgs observables, assuming one operator at a time. With ∼ 36 fb−1

the effect of the 13 TeV results are already starting to dominate the bounds on several of the dimension-6
operators. Also, comparing Figures 2 and 3, we see that, with the exception of the operator OφWB the limits
from EWPO and Higgs observables are complementary on the dimension-6 parameter space. The results
of a global fit including all operators simultaneously are however more intricate. There are again large
correlations between the different NP effects, and somewhat flat directions allowing some of the interactions
to go beyond the regime of validity of perturbation theory. In such cases there is a strong sensitivity to
the effect of quadratic terms from the dimension-6 operators in the amplitudes squared. This can help to
bound more efficiently the different operators, at the expense of limiting the range of applicability of the
EFT results. The discussion of the results of a complete global fit will be provided elsewhere.

4 Conclusions

In these proceedings we have presented a preliminary study of the effects that the electroweak precision
measurements taken at the Tevatron and LHC have on the global electroweak fit. While improvements
in the electroweak precision constraints on NP are minor, it is remarkable that the recent hadron collider
measurements of sin2 θlept

eff are already competing in precision with the results from LEP and SLD. Further
improvements are also expected in the determination of the W mass, both from the full Tevatron data set
as well as with future measurements from ATLAS and CMS. These could bring the overall precision close
to the current theoretical uncertainty, allowing to test the SM prediction to a new level of accuracy.

We have also studied in these proceedings the Higgs-boson observable constraints obtained using the
LHC 13 TeV data, and shown quantitatively the improvements already obtained compared with the Run-1
data. A more detailed study of these results will be presented in a future publication.
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for details). (Right) 95% probability limits on the NP interaction scale from the fit to each dimension 6
operator in the SMEFT (1 operator at a time).

the fits to the interactions entering in Higgs observables, assuming one operator at a time. With ∼ 36 fb−1

the effect of the 13 TeV results are already starting to dominate the bounds on several of the dimension-6
operators. Also, comparing Figures 2 and 3, we see that, with the exception of the operator OφWB the limits
from EWPO and Higgs observables are complementary on the dimension-6 parameter space. The results
of a global fit including all operators simultaneously are however more intricate. There are again large
correlations between the different NP effects, and somewhat flat directions allowing some of the interactions
to go beyond the regime of validity of perturbation theory. In such cases there is a strong sensitivity to
the effect of quadratic terms from the dimension-6 operators in the amplitudes squared. This can help to
bound more efficiently the different operators, at the expense of limiting the range of applicability of the
EFT results. The discussion of the results of a complete global fit will be provided elsewhere.

4 Conclusions

In these proceedings we have presented a preliminary study of the effects that the electroweak precision
measurements taken at the Tevatron and LHC have on the global electroweak fit. While improvements
in the electroweak precision constraints on NP are minor, it is remarkable that the recent hadron collider
measurements of sin2 θlept

eff are already competing in precision with the results from LEP and SLD. Further
improvements are also expected in the determination of the W mass, both from the full Tevatron data set
as well as with future measurements from ATLAS and CMS. These could bring the overall precision close
to the current theoretical uncertainty, allowing to test the SM prediction to a new level of accuracy.

We have also studied in these proceedings the Higgs-boson observable constraints obtained using the
LHC 13 TeV data, and shown quantitatively the improvements already obtained compared with the Run-1
data. A more detailed study of these results will be presented in a future publication.
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Non-linear effective field theory I

Leading order Lagrangian:

LNLEFT = 2cV
(
m2

W W +
µ W −µ + 1

2m2
ZZµZµ

) h

v
−
∑

f

cf Yf f̄ f h

+
e2

16π2 cγγFµνFµν h

v
+

e2

16π2 cZγZµνFµν h

v
+

g2
s

16π2 cggTr[GµνGµν ]
h

v

with

ci =

{
1 +O( v2

Λ2 ) for i = V , t, b, c , τ, µ

O( v2

Λ2 ) for i = gg , γγ,Zγ

[Buchalla, Cata, Celis, Krause, ’15]
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Non-linear effective field theory II

[De Blas, OE, Krause,

preliminary]
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The Z2 symmetric 2HDM of type II

V 2HDM
H = m2

11Φ†1Φ1 + m2
22Φ†2Φ2 −m2

12

(
Φ†1Φ2 + Φ†2Φ1

)

+
λ1
2

(
Φ†1Φ1

)2
+
λ2
2

(
Φ†2Φ2

)2
+ λ3

(
Φ†1Φ1

)(
Φ†2Φ2

)

+ λ4

(
Φ†1Φ2

)(
Φ†2Φ1

)
+
λ5
2

[(
Φ†1Φ2

)2
+
(

Φ†2Φ1

)2]

Type II: b, τ couple to Φ1, t couples to Φ2
Physical parameters: v , mh, mH , mA, mH+ , m2

12, α, β
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2HDM – current limits

rx = Γ2HDM(h→x)
ΓSM(h→x)

[Chowdhury, OE, arXiv:1711.02095]
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2HDM – CEPC projections
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Further extended Higgs sectors

We are implementing further extensions in the scalar sector:

Three other types of Z2 symmetric 2HDM
Flavour-aligned 2HDM
General 2HDM
Manohar-Wise model: SM (1,2)1 + (8,2)1
Manohar-Wise 2HDM: 2HDM + (8,2)1
Left-Right symmetric models
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Summary

EW and Higgs physics will be measured precisely by future colliders.

It is important to combine all information that we have
as consistently as possible.

Only then, we can make reliable statements on the validity of the SM
and constrain (or find hints for) New Physics.

is a comprehensive tool which covers many aspects
of EW, Higgs and flavour physics.
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Summary

Projected CEPC fits:

EW pseudo-observables will change by a factor of 2 to 8

EFT probed NP scales will increase by a factor of 2 to 6

NLEFT coefficients will be up to 100 times as precise

2HDM alignment will be 30 times as precise
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