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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:

CEPC
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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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Why?

[ ]
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HEPfit
What?
High energy physics observables

Why? in the SM and beyond
Where? featuring Flavour observables,

Electroweak precision observables and
Who? .

Higgs observables
When? at best available precision
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HEPfit

What? Stand-alone library or global fits for

Why? 'SM | EFT| [2HDM||MSSM] ...

Where?

Who?

B(r

When?
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HEPfit

& C|@ heptitromatintait

What?

mflt home developers samples documentation

Why?

Wh 2 HEPfit: a Code for the Combination of Indirect and
ere! Direct Constraints on High Energy Physics Models.

Who?

,mf" )
«

When?

Higgs Physics Precision Electroweak. Flavour Physics BSM Physics

on signalsrengths. lepton iavour dynaric model n EEPE it

http://hepfit.romal.infn.it
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HEPfit
What? HEPfit was used for:
Why? PoS EPS-HEP2015 187
Where? JHEP 1611 (2016) 026
Whe? JHEP 1612 (2016) 135
PoS ICHEP2016 (2017) 690
When?

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


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?
‘ Padova University‘ S3o Paulo
Why? Maurizio Pierini Jorge de Blas Giovanni Grilli
Where? ‘ Florida State U. ‘ ‘ Rome 1&IlI ‘
' Laura Reina Marco Ciuchini Debtosh Chowdhury
Who? Anténio Coutinho ‘ Tehran University ‘
Otto Eberhardt Marco Fedele Shehu AbdusSalam
When? KEK Enrico Franco ‘Tohoku University‘
Satoshi Mishima Luca Silvestrini Norimi Yokozaki
‘ Lanzhou University Mauro Valli
Fu-Sheng Yu Ayan Paul
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HEPfit

What?
Why?
Where?
Who?

When?

Otto Eberhardt

Already now: development version

https://github.com/silvest/HEPfit

Winter 2017/18: first fully documented release

http://hepfit.romal.infn.it

EW and Higgs fits in the SM and beyond


https://github.com/silvest/HEPfit
http://hepfit.roma1.infn.it

Introduction HEPfit

HEPfit

What?
Why?
Where?
Who?
When?

How fast?

Otto Eberhardt

EW physics Higgs physics Summary

[CKMfitter '15] [UTfit '14]

EW and Higgs fits in the SM and beyond

~days
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HEPfit

N
What? \ N
I= 00 o g \
\., a \ ~
Why? 1 days
Where? e T nr‘)s e,
Who? [CKMfitter '15]
When?
0.4F T T T T 3
How fast? 03f 1
=02} ] ~hours
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HEPfit

What?
Why?
It's free and it's open-source!
Where?
Who?
When?

How fast?

How much?
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General overview

[Model] ——  [Parameters] &  [Observables]

Priors 7(8) Likelihoods L(x|0)

Output:
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General overview

Wodd] —— [Parameters] & [Observables

Priors 7(8) Likelihoods L(x|0)

Output:  Parameter and observable posterior distributions

Cleeean
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Output:  Parameter and observable posterior distributions
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General overview

Wodd] ——  [Parameters] &  [Observables

Priors 7(8) Likelihoods L(x|0)

Output:  Parameter and observable posterior distributions
Parameter correlations
Comparison of prior and posterior
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General overview

Wodd] ——  [Parameters] &  [Observables

Priors 7(8) Likelihoods L(x|0)

Output:  Parameter and observable posterior distributions
Parameter correlations
Comparison of prior and posterior
Global mode and normalisation
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HEPfit — models

e Standard Model
@ “Model independent models:
EW oblique parameters (S, T, U; ¢;)
Modified Zbb vertex (dgf . dgb 4)
Higgs signal strengths p; 7 ’
Mod. Higgs couplings ; (with and w/o universal V and f

couplings)
Various dim-6 bases (GIMR, BS with and w/o QFU,LFU)
Flavour Wilson coefficients

@ Zp 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
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HEPfit — observables
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HEPfit — observables
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Flavour observables

e B-B and K-K mixing

e B—1r

e B—yutu~

e b— gy

e B— K, B— K*y

e B— K/

e B— ¢ll, B— ¢y

@ CKM matrix parametrizations
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Flavour observables ) B SM@HEPfiT, full fit
T LHeb 2015

L

B — ¢ll, B — ¢y

[1512.07157]
CKM matrix parametrizations

e B-B and K-K mixing $ o {

e B—1r — *

e B—yutu” b +

e b— gy 04

e B— K™, B— K*v cor ;2[2;8V25] v
e B— KW

°

°

Otto Eberhardt EW and Higgs fits in the SM and beyond 9 /32



Introduction HEPfit EW physics Higgs physics Summary

EW physics
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EW physics — precision observables

Z resonance

0
mz, er O\ad

Cross sections SM calculations

(total and differential) — Rg/c/e, A(F)’é’/c/g < up to 3-loop
Asymmetries D et precision
(LR, FB) Ab/c/e, sin” 0}
W resonance — mw,T'w
t resonance — m;
5
(g—2), = Aa®
7 decays — Qs
h resonance —  my

Otto Eberhardt EW and Higgs fits in the SM and beyond 11/ 32



Introduction HEPfit EW physics Higgs physics

Summary

EWPO - SM fit with HEPfit

Measurement Posterior Prediction Pull
as(Mz) 0.1180 + 0.0010 0.1180 = 0.0009 0.1184 + 0.0028 0.1
Aa?) (M) 0.02750 £ 0.00033  0.02743 = 0.00025 0.02734 + 0.00037 0.3
My [GeV] 91.1875 = 0.0021 91.1880 = 0.0021 91.198 £ 0.010 -1.0
my [GeV] 173.14£0.6 0.5 173.43 +0.74 176.1 4 2.2 -1.3
my [GeV] 125.09 4 0.24 125.09 4 0.24 100.6 & 23.6 1.0
My [GeV] 80.379 £ 0.012 80.3643 = 0.0058 80.3597 = 0.0067 14
Tw [GeV] 2.085 = 0.042 2.08873 + 0.00059 2.08873 +0.00059  -0.1
sin? 9Pt (Qhad) 0.2324+0.0012  0.231454 4+ 0.000084  0.231449 £0.000085 0.8
PPl = 4, 0.1465 =+ 0.0033 0.14756 =+ 0.00066 0.14761 £ 0.00067  -0.3
Tz [GeV] 2.4952 + 0.0023 2.49424 + 0.00056 2.49412 + 0.00059 0.5
o [nb] 41.540 £ 0.037 41.4898 + 0.0050 41.4904 + 0.0053 1.3
ng 20.767 + 0.025 20.7492 + 0.0060 20.7482 + 0.0064 0.7
AYS 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
RY 0.21629 £ 0.00066  0.215795 = 0.000027 ~ 0.215793 £ 0.000027 0.7
R§ 0.172140.0030  0.172228 £ 0.000020 ~ 0.172229 = 0.000021 ~ -0.05
A% 0.0992 + 0.0016 0.10345 =+ 0.00047 0.10358 +0.00052  -2.6
ARg 0.0707 =+ 0.0035 0.07394 = 0.00036 0.07404 £ 0.00040  -0.9
Ay 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
sin? 9P (Tev/LHC) ~ 0.23166 £ 0.00032  0.231454 £ 0.000084  0.231438 £ 0.000087 0.7

[1710.05402]

Otto Eberhardt EW and Higgs fits in the SM and beyond
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EW physics — precision observables for New Physics

Z resonance
Cross sections

(total and differential) —

Asymmetries
(LR, FB)

W resonance

t resonance

(g - 2)#
T decays
h resonance

Otto Eberhardt
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EW and Higgs fits in the SM and beyond

NP calculations

EW pseudo-
observables
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EWPO - pseudo-observables

p parameter [Kennedy, Lynn]
Peskin-Takeuchi parameters (oblique paramters) S, T, U
Altarelli-Barbieri parameters €1, €, €3, €p

[Kennedy-Langacker parameters hy, haz, haw]

Otto Eberhardt EW and Higgs fits in the SM and beyond
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EWPO - pseudo-observables

p parameter [Kennedy, Lynn]
Peskin-Takeuchi parameters (oblique paramters) S, T, U
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EWPO - STU

A
Result Correlation Matrix v
[l Asymmetries
S 0.09 +0.10 1.00
r
(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)

[1710.05402]
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EWPO - deq, dea, de3, dgp

[l E o
8 i [ 68% Probability 8 I 68% Probability
[ [ 95% Probability L [ 95% Probability
0.005]- []99% Probability [ []99% Probability
L 0.005 -
L ol
ol [
7\ I I I I -0.005 O I I I I
0004 -0.002 0 0002 0.004 -0.004 0002 0 0002 0.004
e, 3,

[1608.01509]
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EWPO - 6g;, dgr, 0gv, 9ga

a @ 0.06 o <
= 2 .02 HEER it [ 68% Probability
o o -
L [ 95% Probability
0.04 [199% Probability
0.02 O
0 L
-0.02
-0.02 L
T i RIS SR | 7\ L L 1 L L L | L L L 1 L
-0.02 0 0.02 004 006 0 0.02 0.04
b b
d )
9. 9,

gh = gil,’SM +0gP fori=L,Ror V,A

1

[1608.01509]
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EWPO at future colliders

2 [ mom Today
‘s I HL-LHC
§ o ILcwwed)
e CepC(WW)
Current CepC =) FCC-ee(Z,unpolarized)
Data I FCC-ee(Z+WW-+T)
ae(Mz) 0.1179£0.0012
Aol (Mz)  0.02750£0.00033
Mz [GeV]  91.187520.0021 +0.0005
my [GeV] 173.3420.76
my [GeV] 125.0940.24 +0.0059
My [GeV] 80.385:0.015 +0.003
Tw [GeV] 2.0850.042
I'z [GeV] 2.4952+0.0023 +0.0005 S T U s(u=0) T(U=0)
of, [nb] 41.5400.037 +0.037
sin® 015" 0.2324£0.0012  £0.000023
prot 0.14650.0033
Ae 0.1513£0.0021 Current HL-LHC  ILC FCCee CepC:
Ae 0.67040.027 Z(opol) Z(pol)  WW i
Ay 0.923+0.020 AS [x107%] 100 99 99 99 12 78 11 64 11 64 11 63 21 19
AN 0.017140.0010 +0.0010 AT [x107%] 120 120 120 120 13 81 13 79 13 79 12 58 28 2%
Al 0.07070.0035 AU [x107] 95 87 (83 82 3 31 3 31 98 54 96 52 2 20
AY 0.099240.0016 +0.00014 AS [x1079] 91 81 79 79 12 78 11 64 95 61 95 6 14 12
R} 20.7670.025 +0.007 AT [x107] 72 63 52 52 13 &1 13 79 10 74 68 36 16 15
R? 0.1721£0.0030 =0
RY 0.21629£0.00066  +0.00018 AYTx1077] 96 96 9 9 (11 73 11 7211 7295 47 25 23
ASx107] 86 8L 7T 76 29 28 28 28 86 48 85 47 2 19
ATx107] 91 87 88 &7 99 66 93 55 92 55 93 55 20 18
AEEW[XIU"’] 130 130 130 130 15 12 15 12 15 12 14 11 41 37
Adgh [x107Y 14 14 4 115 13 12 1112 1112 1124 22
Adgh[x1071] 72 70 7 70 71 66 53 53 53 53 53 53 89 86

[1608.01509]
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Higgs physics

Otto Eberhardt EW and Higgs fits in the SM and beyond 19 / 32
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The completion of the SM?

I T T T
7 [ATLAS and CMS OH-w
_ % 3[LHC Run1 [(H-zz
[CJH - ww
DH - T
2r [JH-bb
P ]
o i
_1 ]
—68"/‘11 CL + Best fit‘ * SM expecleq
0 1 2 3
pf
ggF+tH
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The completion of the SM?

T T T T TR T T
i _[ATLAS and CMS - w ATLAS and CMS
_ % 3[LHC Run1 [(JH-zz 7] LHC Run1
CJH - ww 2.5¢ ]
. OH-w [ Combined
= N b CH-wy
DH bb 2F[JH-2z
COH-ww
OH-1
[IH-bb
1+ b 15f
o 1 T
0.5
=N ]
—680/‘11 CL + Best fit‘ * SM expecleq — 68% CL‘-m-m»-‘ 95% CL. ‘+ Best fit *‘ SM expected
0 1 2 s % 05 1 15 2
Hogratn K,

...or is it the first sign of New Physics?

Otto Eberhardt EW and Higgs fits in the SM and beyond
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Current and future signal strength sensitivity

B TeVatron

B LHCrunl
B LHC run 2
B CEPC

0.1

0.01

0.001

Ubb  Hrr My pww  pzz  Mpp Hgg o fec
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Effective field theories

Description of New Physics at A in a generic way:

Linear EFT (v < A) Dimension

SMEFT extends the SM 84 . .
by higher dimensional operators.

Non-linear EFT (v < A) 6¢ . .
Electroweak chiral Lagrangian

with scalar h and expansion in loops. 41 * °

Otto Eberhardt EW and Higgs fits in the SM and beyond
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SM effective field theory |

‘CSMEFT — £svv| (+£5

e @ and @*D? (’ T)(’ )
Qe | 1eGraiGe | Q. (') Qur Qu o))

o | FAECGIGEGS | Qe | (¢le)T(ele) Que W @ /,Aqr)(m “qL)
Qu [ WIWIWE | Qo | (¢D%) (61Du) | Qus 9 | (@ra) @)
Q| KWW oW K QY () (@)

X2? P’ Xp V>’ D QY | Gt @ ')
Qo | etearem | Qu | Gore)rowl, | Q| (iDL )@
Qi | ¢0@aew | Qu | Gome)eBu | QY | (2D )T,
Qow el Wi, wim Que | (@0 T u)3G, | Qe (wz‘ﬁﬂ ©)(E"er)
Qi | WL | Qur | @omu)T EWL | QW | (01D, 0)@n"e)
Qs | BB | Qus | @omu)EBa | QN | (D] ) [GIMR 1008.4884]
Qs | eBuB” | Qo | @orTA4)e Gl | Qe | (£115, 0) ()
Quwvs | ¢TeWLBY | Quv | @od)T oW}, | Qu | (¢1iB,¢)(drd,)
Qv | #7eWLB" | Qus | (@0"d)eBu | Q| i@ Dug)(@,y"dy)
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SM effective field theory |

1
Lsverr = Lsm (+L5) + — Z Ci Q,-(6) + ...

i
X3 % and ¢'D? Pod (LL)(LL)

Qe | fFAPGrGIaR | Q. (G Qo | R)ber) Qu | Gl Eh) )
o | FAECGIGEGT [ Qu | (Pone) || Que (¢70)(@u:P) Qu | (@)@ a)
Qu | e WEWIWE Qup | (¢1D") (¢ Dup))| Quo | (#0) (@) Q| @nr'a) @y 'a)
Q| AW W Q| Gt @re)

X% VX 422D QY | ') @' a)
T
Qi | e GRG )| Qv | Gore)reW), | QU | (#iD, )0t
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~ =g _
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SM effective field theory |l

16 16
C I Run1+Run2
14 } P Run1 —: 14
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SM effective field theory |l

60 160
50 50
> 40— +ao
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Non-linear effective field theory |

Leading order Lagrangian:
_ h z
‘CNLEFT:2CV (m%VW;W “+%m%Z“Z“);_2f:chfffh

2 Vh 2 Vh g2 174 h
16 =y Fu F" + Tom —CzyZuw F" —|— Tom 2ngTr[GWG" ];

with

2

1+(’)(X—§) fori=V,t,b,c,T,u
Ci = .
O(x) for i = gg,vv, Zv

[Buchalla, Cata, Celis, Krause, '15]
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Non-linear effective field theory Il

I 68.3% region
95.4% region
99.7% region
68.3% region run 1
7 95.4% region run 1
i 99.7% region run 1
68.3% region run 2
95.4% region run 2
i 99.7% region run 2

Cb

Cc

Cr
b o HiA O HO B NO B NO K NO H NO H N

[De Blas, OE, Krause,

Cg

preliminary|

Sy
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Non-linear effective field theory Il
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Non-linear effective field theory Il
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95.4% region LHC now

N 99.7% region LHC now
99.7% region CEPC

5 IBE=E
mn

K [De Blas, OE, Krause,
=

JL preliminary|

m = 3 C m
0991101 0 1 2 097 110309 1 1109 1 110 1 21 0 1 c
ct ch ce cr Cu cg v

Otto Eberhardt EW and Higgs fits in the SM and beyond



Introduction HEPfit EW physics Higgs physics Summary

The Z; symmetric 2HDM of type |l

VEOM = mi &1 + m3, 050, — mi, <¢1¢2 + ¢§¢1)
(ol o) 0 o) (st
+ 4 (0]0,) (010,) + % [(cb{cbz)z + (q>;q>1)2]

Type Il: b, 7 couple to 4, t couples to ®,
Physical parameters: v, mp, my, ma, my+, mfz, a, B
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2HDM - current limits

Il Yy decays B ZZ decays
s bb decays mmm All signal strengths

R r h—x
Bl 17 decays 223 Runl r, = 2HDM

X
o i decays T} Run2 T'sm(h—x)

N WW decays

1 5 10

tanp
[Chowdhury, OE, arXiv:1711.02095]
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2HDM - current limits

Il Yy decays B ZZ decays
s bb decays mmm All signal strengths

R r h—x
Bl 17 decays 223 Runl r, = 2HDM

X
o i decays T} Run2 T'sm(h—x)

N WW decays

1 5 10

tanp
[Chowdhury, OE, arXiv:1711.02095]

Otto Eberhardt EW and Higgs fits in the SM and beyond



Introduction HEPfit EW physics Higgs physics Summary

2HDM — CEPC projections

Yy decays B 77 decays

bb decays [ gg decays

TT decays B cc decays
 —]

up decays All CEPC

WW decays  C--. All LHC now

IFIC
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Further extended Higgs sectors

We are implementing further extensions in the scalar sector:

@ Three other types of Z, symmetric 2HDM
Flavour-aligned 2HDM

General 2HDM

Manohar-Wise model: SM (1,2); + (8,2)1
Manohar-Wise 2HDM: 2HDM + (8,2);
Left-Right symmetric models

Otto Eberhardt EW and Higgs fits in the SM and beyond
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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.

[FIC

INSTITUT DE FISICA
CORPUSCULAR

Otto Eberhardt EW and Higgs fits in the SM and beyond 31/32



Introduction HEPfit EW physics Higgs physics Summary

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

Otto Eberhardt EW and Higgs fits in the SM and beyond
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