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1. Introduction

Experimental situation:

ILC/CLIC/FCC-ee/CEPC will provide (high!) accuracy measurements!
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1. Introduction

Experimental situation:
ILC/CLIC/FCC-ee/CEPC will provide (high!) accuracy measurements!

Theory situation:

measured observables have to be compared with theoretical predictions
(in various models: SM, MSSM, ...)
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1. Introduction

Experimental situation:
ILC/CLIC/FCC-ee/CEPC will provide (high!) accuracy measurements!

Theory situation:

measured observables have to be compared with theoretical predictions
(in various models: SM, MSSM, ...)

Vieasured data is only meaningful if it is matched with
theoretical calculations (masses, couplings) at the same level of accuracy
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1. Introduction

Experimental situation:
ILC/CLIC/FCC-ee/CEPC will provide (high!) accuracy measurements!

Theory situation:

measured observables have to be compared with theoretical predictions
(in various models: SM, MSSM, ...)

Measured data is only meaningful if it is matched with
theoretical calculations (masses, couplings) at the same level of accuracy

T heoretical calculations should be viewed as
an essential part of all (current and future)
High Energy Physics programs
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To be covered:

e Interesting (SM-like) observables

e Relevant/required precision

e Corresponding theoretical uncertainties (show stoppers?)

e Machine related issues (as far as possible)

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016



Where we need theory prediction:

1. Prediction of the measured quantity
Example: My
— at the same level or better as the experimental precision

2. Prediction of the measured process to extract the quantity
Example: eTe & W
— better than then “pure’” experimental precision
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Where we need theory prediction:

1. Prediction of the measured quantity
Example: My
— at the same level or better as the experimental precision

2. Prediction of the measured process to extract the quantity
Example: eTe & W
— better than then “pure’” experimental precision

Two types of theory uncertainties:

1. intrinsic: missing higher orders

2. parametric: uncertainty due to exp. uncertainty in SM input parameters
Example: my;, my, s, DNopag, -

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016 4



2. Electroweak Precision Observables

Comparison of observables with theory:

Precision data: T heory:
Myy,sin? Ogtr, ap, My, | <> | SM, MSSM , ...

Y

Test of theory at quantum level: Sensitivity to loop corrections, e.g. X

SM: limits on Mg, BSM: limits on My

Very high accuracy of measurements and theoretical predictions needed
= only models “ready’” so far: SM, MSSM < more TH input needed!

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016



Precision observables in the SM and the MSSM
My, sin? Octr, My, (9 —2)u, b physics, ...

A) Theoretical prediction for My, in terms
of My, o, Gy, Ar:
5 MI%V T«
M, (1—M—%> = \/§GM(1+A7~)
)

loop corrections

Evaluate Ar from p decay = My,

One-loop result for My, in the SM:
[A. Sirlin '80] , [W. Marciano, A. Sirlin '80]

2

ATy_joop = ANe} - ET://VVAP + Arrem(Mp)
M
~ 6% ~ 3.3% ~ 1%
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Precision observables in the SM and the MSSM
My, sin? Octr, My, (9 —2)u, b physics, ...

A) Theoretical prediction for My, in terms

of My, o, G, Ar:

5 _M_%/ I e’
i M%) Ve

B) Effective mixing angle:
1 Regf

. D . . V

SN eeff = ) (1 f)

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016



What My, precision do we want? SUSY as a show case:

M,, [GeV]

80.60

80.50

80.40

80.30

| SM[M,, = 125.6 + 0.7 GeV

I | | | I | | | I | | | I |

MSSM, HB allowed &
SM, MSSM &

Heinemeyer, Hollik, Stockinger, Weiglein, Zeune '13

| | I | | | I |

168 170 172 174
m, [GeV]

176 178
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What My, precision do we want? SUSY as a show case:

80.50

80.45 |

M,, [GeV]

80.40

80.35 |

Heinemeyer, Hollik, Stockinger, Weiglein, Zeune '13 ™|

llllIllllIllllllllllllllllllllllll

174 172 173 174 175 176 177 178
m, [GeV]
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Example MSSM scenario:
my, = 400 4+ 40 GeV, Other masses 2 500 GeV
Mﬁ?p = 80.375 4+ 0.005 GeV,80.385 + 0.005 GeV,80.395 + 0.005 GeV

500 600 700 800 900 1?80 1100 1200 1300 1400 1500

= precision below 5 MeV required, the better the better!
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Example MSSM cenario:
mgz, = 400 £ 40 GeV, Other masses 2 500 GeV
Mve[;p = 80.375 £ 0.005 GeV,80.385 + 0.005 GeV,80.395 £+ 0.005 GeV

500ﬁ
| I | 11 I 1 | | I 11 1 | |- 1 I 1 I 1 | | I | 1 |

600 800 1000 r;11200

1200 1600 1800 2000
B (GeV)

= precision below 5 MeV required, the better the better!
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The W boson mass

Experimental accuracy:

Today: LEP2, Tevatron: M ;P = 80.385 + 0.015 GeV

ILC/FCC-ee: — polarized threshold scan
— kinematic reconstruction of WTWw— [G. Wilson '13]
— hadronic mass (single W)

5M§I;<D’ILC(FCC_ee) < 3(1) MeV (from thr. scan) < TU neglected
T heoretical accuracies:

intrinsic today: 6010 = 4 Mev, g PIMONY — 5 10 Mev

intrinsic future: 5MVSVM’theO’fUt = 1 MeV, 5MV'\‘¢SSM’fUt =2 — 4 MeV

parametric today: dm; = 0.9 GeV, §(Aapsg) = 1074, 6M, = 2.1 MeV
SMP®™ = 5.5 MeV, SMPI2%ad =2 Mev, ML Mz = 2.5 Mev

parametric future: §m!'t = 0.05 GeV, §(Aanag)™ =5 x 1072, 6MIZ"C/FCC_ee = 1/0.1 MeV

AMI[/)Vara’fUt’mL — 0.5 MeV, AJWI;/)Vara,fut,Aozhad =1 MeV, AM{[/)Vara,fut,Mz = 0.2/0.02 MeV

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016 10



My, from threshold scan:

Not only ete™ = WHWE) but ete™ — WIW — 4f needed

Current status:

full one-loop for 2 — 4 process

[A. Denner, S. Dittmaier, M. Roth, D. Wackeroth '99-'02]
= extraction of My, at the level of ~ 6 MeV

Most recent improvement:

leading 2L corrections from EFT

[Actis, Beneke, Falgari, Schwinn '08]

= impact on My at the level of ~ 3 MeV

= full 2L for 2 — 4 process not foreseeable

Potentially possible:
2L resummed higher-order terms for ete™ — WW and W — ff’
= extraction of My, at ~ 1 MeV77?

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016 11



What sin? 0. precision do we want? SUSY as a show case:

0.2330

0.2325

0.2320

’0

SIn

0.2315

0.2310

0.2305

0.2300

80.2

1T T 1 | 1T T 1 | 1T T 1 |U)I L | 1T T 1 | T T 1

m, =170 .. 175 Ge\

M:M,, =125.6 £ 0.7 GeV

SM, MSSM

Heinemeyer, Hollik, Weiglein, Zeune et al. '13 ]

80.3

80.4 80.5 80.6
M,, [GeV]

MSSM band:
scan over
SUSY masses

overlap:
SM is MSSM-like
MSSM is SM-like

SM band:
variation of MM
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What sin? 0. precision do we want? SUSY as a show case:

02330 I I I I I I I I I I I I I I I I
- experimental errors 68% CL / collider experiment: i
i LEP/SLD/Tevatran ]
0.2325F ——— |HC / \‘ _
- ——— |LC/Gigaz | I T
i | I A_; (LEP) .
0.2320 — \ / ]
_ \ A/ i
% [ m, =170..175 GeV, i
o2 ) ‘ i
c SM:M, = 125.6 + 0.7 GeV |
% 0.2315 =k £0.r5e % 7
0.2310 — —
i r (SLD) i
0.2305 [~ —
- MSSM -
B SM, MSSM Heinemeyer, Hollik, Weiglein, Zeune et al. '13 7
02300 i | | | | | | | | | | | | | | | | | | | |

80.2 80.3 80.4 80.5
M,, [GeV]

80.6

MSSM band:
scan over
SUSY masses

overlap:
SM is MSSM-like
MSSM is SM-like

SM band:
variation of MM
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The effective weak leptonic mixing angle: sin? g

Experimental accuracy:

Today: LEP, SLD: sin? 65’ = 0.23153 + 0.00016
GigaZ/TeraZ: both beams polarized, Blondel scheme
5sin2 pEXPILC(FCCee) — 13(3) x 1076« TU neglected

Theoretical accuracies: [107°]

intrinsic today: &sin? Ggf'\r/"theo — 47 §sin? Hle\fchSM’tOday — 50 — 70
intrinsic future: §sin? st'\r/"theo’f“t — 15 §sin? ele\fcr_-SSM’f“t — 25 — 35

parametric today: dm; = 0.9 GeV, §(Aapaq) = 1074, §M, = 2.1 MeV

. D ,para,m; __ . D ,para,Aapag . 2 ppara,My __
0 Sin“ 0 ¢ = 30, 0sin“ 0. = 36, 0SiN“ 0. = 14

parametric future: 6m/'t = 0.05 GeV, §(Aanag)™ =5 x 1075, M /F<C* =1/0.1 MeV

Asin? gAMb — o - A gin2 gPara b At — 18 Asin? 903NN = 6.5/0.7

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016 12



Relevance of both beams polarized: [S.H., G. Weiglein '05]

= precision of sin? Ocfr relies heavily on both beams polarized:
02325 I | I I | I I I | I I I | I I I | I I I

0.2320

experimental errors:
02305 | ____ today —

GigaZ, 80% e pol. only i
_____ Gigaz,80% e, 60% e" pol. ]|

] | ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ]
0.2300
100 120 140 160 180 200

m, [GeV]

= Ccrucial to reach sensitivity!
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SM input: Aapsg = could be limiting factor!

From etTe~ — had. using dispersion relation

today: 5(Aahad) ~ 1074
possible improvement in the future: §(Aapaq) ~ 5 x 1072

Direct determination at FCC-ee from ete™ — ff off the Z peak
[P. Janot '15]
possible improvement in the future: §(Aapag) ~ 2 x 1072 = TU neglected

Calculation of etTe~ — ff needed at 3-loop and beyond: [A. Freitas '16]
current techniques (2L/3L): corrections of ~ 10~

new calculation methods (2L/3L): corrections of ~ 10 “

unknown methods 3L: < 10 °

unknown methods 4L; ~ 10 °

(4 higher-orders in real photon emission)

= improvement unclear

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016 14



Overview for EWPO TH uncertainties

Current uncertainties for EWPQOs 619
Experiment Theory error Main source
My 80.385 + 0.015 MeV 4 MeV a3, oas
[ 2495.2 + 2.3 MeV 0.5 MeV o o, &>, a’as, aod
o, 41540 + 37 pb 6 pb O 59 Oy T
R,=r%/ri?d 021629 +0.00066 0.00015  of,, o3, aas
sin? Bl 0.23153 4+ 0.00016 4.5x 10 ° a3, a?as

Methods for theaory error estimates:

m Parametric factors, i. e. factors of o, Ne,, Ny, ...
?(a®) O(a?)

m Geometric progression, e. g. Ola?) ~ O

m Henormalization scale dependence (often underestimates error)
m Renormalization scheme dependence (may underestimate error)

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016
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Overview for EWPO
Theory and parametric uncertainties

4/11

perturb. error

Param. error

Param. error

LC FCC-ee {ihzioopt  ILC i
My [MeV] 3-5 ~1 1 2.6 1
Iz [MeV] ~1 ~0.1 <0.2 0.5 0.06
Ry [1077] 15 <5 5-10 <1 <1
sin? 05 [107°] 13 06 1.5 2 2

Parametric inputs:

also: 6(Aa) ~5 x 107>

T Theory scenario: O(aag), O(Na’as), O(N%af?as)
(Ny = at least n closed fermion loops)

*ILC: dmy = 100 MeV, das = 0.001, M7z = 2.1 MeV
**FCC-ee: m; = 50 MeV, das = 0.0001, M7z = 0.1 MeV

Note: ILC parametric somewhat pessimistic

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016
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What about the 750 GeV thingy?

= too much “freedom’” to make clear prediction

Just one example for ete™ — ptu—:

m[GeV]

2500

2000

1500

1000 -

300
1]

e el = pt VE=1000.0 GeV L=1.0ab ' Ry =0.0

[arXiv:1604.08307]

Ly =2 9;(ip —m)y;

— 13 ySivsY;

2500

e et—=e et Va=1000.0 GeV L=1.0abh ' Ry =0.0

ILCstat only
ILCsysD.1%
ILCsys0.3%
ILCsys0.5%
ILC1%
y=0.1
y=0.3
y=1

2000

1500

m[GeV]

1000 |

500

i
40

1
30

20

tr()?

10

trQ?: trace of electric charge
Ro1: ratio of SU(2) to U(1) contributions to trQ?

= ‘'some” parameter space can be tested
Note: just one example out of many possible realizations!

ILCstat only
ILCsys0.1%
ILCsys0.3%
ILCsys0.5%
ILC1%
y=0.1
y=0.3
y=1

10

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016
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3. Top/QCD

EWSB

A
\

~ AEw \

EWSB: just a heavy quark?

New Physics

F 3

anomalous
couplings

Top Physics

' > A QCD

oy ~ 100 MeV

\
X

special role for t in EWSB?
strong constraint on any model

Precision physics:

Precision Physics

smy P leading parametric uncertainty
— could obscure new physics

SUSY: ms crucial input parameter
drives SSB/unification

Many BSM models: heavier top
partners

LHC: measurements of
mass, BRs, asymmetries

Needed: high precision of everything
incl. couplings

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016 18



Important top measurements:

Top quark mass

— My fit in the SM = example!
— Mj, calculation in BSM models = examplel
— leading parametric uncertainty in EWPO — see above!

Top quark couplings

— senstivity to BSM physics = examplel!

— rare top decays = precision better than O (10_5) needed

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016 19



Top/Higgs physics in BSM:

Nearly any model: large coupling of the Higgs to the top quark:

|

= one-loop corrections AMZ ~ G mi

= My depends sensitively on m; in all models where My can
be predicted (SM: My is free parameter)

SUSY as an example: Am; ~ +1 GeV = AM;, =~ +1 GeV

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016
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Top/Higgs physics in BSM:

Nearly any model: large coupling of the Higgs to the top quark:

|

= one-loop corrections AMZ ~ G mi

= My depends sensitively on my; in all models where My can
be predicted (SM: My is free parameter)

SUSY as an example: Am; ~ +1 GeV = AM;, =~ +1 GeV

= Precision Higgs physics needs O (50 MeV) in my!

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016
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Top mass in the SM: crucial for the Fate of the universe

[Degrassi et al. '12] [Alehkin et al. '12]

Is the Higgs potential (and thus our universe) stable?
(neglecting gravity/Planck scale)

200
182
> i 180
& 150
= - 178
s | S
2 100 - Stability G 17
= T
e £
= 50l 170
168
5l | 166
164
0 50 100 150 200 120 122 124 126
Higgs mass M;, in GeV My [GeV]

= high precision for m; needed!

128

130

132

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016
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gr.r - ttZ couplings

Sensitivity of top couplings to BSM physics:

\"““l"”""”"lllnuur

-
=
-
“,
“,
?,

L7
2,
%,
:,"
#
s,
(N ",
4y,
L iy
L)

Ag /g

= +20%
LHC Precision

fj'".
"ll
. ""
ﬂ-u
¥,
o, G +10%
"J

[}
Yy, i I L C P £ 11 m”"'r;
’b" H; r e C -I S ] O r‘l]' I'rl"'l"l"'-l' .r.l'ﬂl
oy 'y, :: o sy
f" [ |
I Ty,

I
-20% -10%

[F. Richard '15]

SM

L
H'Jﬂ 1 ty
[/

= per cent precision needed!
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The top quark mass: my

What is the top mass?

Particle masses are not direct physical observables

one can only measure cross sections, decay rates, . ..

Additional problem for the top mass:
what is the mass of a colored object?

Top pole mass is not IR safe (affected by large long-distance

contributions), cannot be determined to better than O(Aqcp)

Measurement of my:

e At Tevatron, LHC: kinematic reconstruction, fit to invariant

mass distribution = “MC"” mass, close to “pole’” mass?|dom

exp,LHC
t

< 1 GeV

e At eTe colliders: unique possibility (crucial: reach ¢ threshold!)

threshold scan = threshold mass = SAFE!

transition to other mass definitions possible,

om

eXD,€+6_
t

< 0.03 GeV

Impact of polarization (on systematics) 7 = not studied yet

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016

23




At ete™ colliders: unique possibility
threshold scan = threshold mass = SAFE!

tt threshold - 1s mass 174.0 GeV

- — TOPPIK NNLO + ILC350 BS + ISR
| — Simulated data: 10 o /point

-— Top mass = 200 MeV

O
e%

Cross section [pb]
o o
~ @))

O
N

345 350 355
Nominal CMS energy [GeV]

transition to other mass definitions possible = §m!"®°~taNs 0 025 GeV

= smiheo—thresh < 5 935 Gev = &my < 50 MeV, TH dominated!

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016
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Uncertainty budget for my:

e - - - ©t davy(M,) = 0.001

Msbar mass error budget (from threshold scan) /

5MSD—10W exp 67‘{8[)—10?{ theo o7 (71 conversion é/_ — \\ s

(0M, ) (0M; ) (ome () G (M ))

40 MeV o0 MeV [ —23 MeV \70 MeV /f’
= improvement in ag crucial
ete™ collider: precision measurement:

(Z — hadrons)
Rl e
(Z = 1T1)

Improvement down to §Pas ~ 0.001 — 0.0001 possible?!
Note: (assuming fermionic 3-loop corrections):
StheOR, ~ 0.0015 = §th€0n, ~ 0.0002 = hard to beat ...

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016 25



Threshold measurement: circular vs. linear (beamstrahlung)? [F. Simon "15]

— 1.4 T T T T T T T T T I . .
-8_ - ttthreshold - 1S mass 174 GeV | i
'E' of — TOPPIK NNLO —ILC 350 LS+ISR 7
S 120 _ispony —FCGee 350 LS+ISR B
w 1 E
o - i
a - i
O 0.8+ B
(& - -
0.6 =
0.4 -
0.2 | based on CLIC/ILC Top Study -
L EPJ C73, 2540 (2013) ]

! | ! L I ‘ I l ' . | —

345 350 355

/s [GeV]

= Circular collider has higher cross section, but broader threshold
= overall small, O (10%), differences . ..

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016 26



Vs dependence for top couplings?

... simplified discussion for gRZ

N m 1 I I I L] ) L] I I I I L]
: (®)) ; g
Small cms energies: TS 0.12 . High cms energies:
m - .
- Vanishing axial Ze) - Quickly decreasing
0.1 cross section

vector coupling
- On top (not shown)
large QCD uncertainties 0.08
(Juergen's talk)

l[IIIIIIIIIIllIIIIIIIIII
[Illlllllll]llllll]llll

006 e
0.04 )
0.02 * e
| y A A A | . f q g
500 1000 1500
/s [GeV]

Broad minimum between 400 and 700 GeV

= broad minimum

= /s ~ 500 GeV best for top coupling measurement

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016 27



Polarization

VS

. EW higher-order corrections?

[GRACE '15]

ole et — ti)
=
/

a00

600

| e [ e s ey TR e T e i d i b |

. T
= ..I.
—=— €pty

arxiv:1503.04247

Vs GeV

o e eq +egpey

' -+
- —e— €T Ep

: ~ —a— EJ_EEE
| arxiv:1503.04247

= EW corrections different for different polarizations!

= polarization needed to disentangle SM from new physics effects!

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016
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Precision Tests of the SM (and beyond)

= indirect prediction of the Higgs mass in the SM

805 March 20:%2 : : |
[1LHC excluded

| — LEP2 and Tevatron
i LEP1 and SLD
68% CL

-
-
--------

= fits with today’s precision

[LEPEWWG ’'12]

6 March 2012 M i = 152 G('aV
1 6) —
5- Al =
—0.02750+0.00033
1\ 0.02749+0.00010
4 - -« incl. low Q? data
>< -
3 3
2 -
1 -
JLEP LHC
0 excluded w excluded
I I I I I ‘I
40 100

200
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Most precise My test with the ILC: [GFitter '13] [LEPEWWG ’'13]

For GigaZ used: M, = 6 MeV, 8m, =0.1 GeV, Ae,_ =47x10° asin(92 )=13x10° aR‘;p =4x10°

NR20_IHI‘HII|\III‘\II\‘III\|IIII|IIHJ\\I|IHI|HII_ 20 UL L
< 18 Z_ SM fit pre |¢tion using current uncertainties (Sﬂm= fit) fitter SME_Z | :
ies (8., = Rfit) E 4
T [ ey o "".'Géﬂé’s)""__ 4o ’ ]
, . 15- .
" = %y _
--------------------------- 136 ] .

3 _' Bl Future
...................... \/ R 5 ]
y ___________M__'_"_:J_.: ______________ E 10
0IHI‘HII|\III%'TI!L.\L1J/IiIT|IIH|H\I|IHI|HII
o0 60 70 8 9 100 110 120 130 140 130 0 T R
M, [GeV] 50 75 100 125 150
m,, [GeV]
:>5M1'{I‘d < 6 GeV < only ILC analysis available so far

= extremely sensitive test of SM (and BSM) possible

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016 30



4. Higgs observables

P(e, e*)=(-0.8, 03),
400 —

xstion {b)
-

CLoss section
o
o

0
200 250 300 350 400 450 200
\'s (GeV)

=125 GeV Higgs-strahlung:
|||| + *
—sMallffh ] ete —w2n = ZH
—Zh

— WW fusion _
ZZ fusion i

e+ e— — vvH

e

e_l—

weak boson fusion (WBF):

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016
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The main questions:

e \What are the couplings of this particle to other known elementary parti-
cles? Is its coupling to each particle proportional to that particles mass,
as required by the BEH mechanism?

e \What are the mass, total width, spin and CP properties of this particle?
Are there additional sources of CP violation in the Higgs sector?

e \What is the value of the particles self-coupling? Is this consistent with
the expectation from the symmetry-breaking potential?

e Is this particle a single, fundamental scalar as in the SM, or is it part
of a larger structure? Is it part of a model with additional scalar sin-
glets/doublets/Idots? Or, could it be a composite state, bound by new
interactions?

e Does this particle couple to new particles with no other couplings to the
SM (“Higgs portal”)? Is the particle mixed with new scalars of exotic
origin, for example, the radion of extra-dimensional models?
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Required precision for Mg~

— My is fundamental parameter
= high precision measurement on its own right

— My is input parameter for Higgs physics:

SBR(H — ZZ%)
BR(H — ZZ*)

BR(H — WW™*)
BR(H — WW*)

~ 2.5%

5MH = 0.2 GeV =

~ 2.2%

= oMy < 0.02 GeV desirable
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My circular vs. linear (beamstrahlung)?
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—>- effect of better deflned

— ) M from recml method (stat only)

initial state |s very small'
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ILC precision scaled up to CEPC luminosity: same precision
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Required precision for Higgs couplings?
MSSM example:

400 Gev>4

mvz1—05%< MA

2
400 GeV
mtznczl—O(lo%)< © ) cot? 3

A
2
400 GeV
/ﬁ:bZKJT%].—FO(lO%)( )
A
Composite Higgs example: 5
1 TeV
Ry ~ 1 — 3% ( >
/
1 TeVv)?

— couplings to bosons in the per mille range
= couplings to fermions in the per cent range

= the more precise the better

= theory match?
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Required precision for CP-admixture?

H = cosa CP-even + sin o CP-odd

1 * * v * T U
AX = VV) =~ (almxzfgﬂigé +anfist @ g ag il pr(2)m )

_ my_ .
AX — ff) = o (b1 + iboys) uy

_ lagl®o3
> lai|%o;

fep

Desired precision:
gauge bosons: fop < 107> (loop suppressed)

fermions: fop < 10 7
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Higgs coupling determination at eTe~ collider

Some specifics: — T

recoil method: ete™ — ZH, Z —wete™, ptu~

= total measurement of Higgs production cross section

= NO additional theoretical assumptions needed for absolute
determination of partial widths

= all observable channels can be measured with high accuracy

= SM cross section predictions at the 1% accuracy level
= improvements necessary ... full 2-loop calculations and more ... 7!

= concentrate on theory BR uncertainties from now on
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Model independent cross section measurement

Z-recoil method: eTe™ — ZH — /ﬁ'/fX

130
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= crucial for a model independent coupling measurement!
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Latest SM Higgs BR predictions:
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T heoretical uncertainties: General recipe: [LHCHXSWG BR group '15]

1. Parametric Uncertainties: p += Ap

— Evaluate partial widths and BRs with p, p 4+ Ap, p — Ap
and take the differences w.r.t. central values

— Upper (p+ Ap) and lower (p — Ap) uncertainties summed in
quadrature to obtain the Combined Parametric Uncertainty

2. Theoretical Uncertainties:

— Calculate uncertainty for partial widths and corresponding BRs for

each theoretical uncertainty
— Combine the individual theoretical uncertainties linearly to obtain the

Total Theoretical Uncertainty
= estimate based on “what is included in the codes’!

3. Total Uncertainty:

Linear sum of the Combined Parametric Uncertainty and the
Total Theoretical Uncertainties
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Current parametric uncertainties:

Parameter Central value MS masses Uncertainty
as(My) 0.118 +0.0015
Me 1.403 GeV me(3 GeV) = 0.986 GeV  +£0.026 GeV
my, 4.505 GeV my(my) = 4.18 GeV +0.03 GeV
my 172.5 GeV mi(my) = 162.7 GeV +0.8 GeV

Uncertainties: “consensus’” of LHCHXSWG

— strong improvement with eTe~ data!

But: mp uncertainty remains crucial
= anticipated lattice data much more optimistic . ..
= but no consensus, not even in the lattice community ... 7!
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Current theoretical uncertainties:

Partial Width QCD Electroweak Total
H — bb/cc ~0.2% ~ 0.5% for My <500 GevV  ~ 0.5%
H— 1T /uTu ~ 0.5% for My <500 Gev  ~ 0.5%
H — tt < 5% ~ 0.5% for My < 500 GeV  ~ 5%
H — gg ~ 3% ~ 1% ~ 3%
H — v~ <1% <1% ~ 1%
H — Z~ < 1% ~ 5% ~ 5%
H—->WW/ZZ - 4f <05% ~ 0.5% for My <500 GevV  ~ 0.5%

— QCD corrections: scale change by factor 2 and 1/2

[LHCHXSWG BR group '15]

— EW corrections: missing HO estimation based on the known structure

and size of the NLO corrections
— Different uncertainties on a given channel added linearly

= Strong improvement in ~ 20 years possible, but ...
... they have to be consistently implemented into codes!

= intrinsic uncertainty can/will be sufficiently under control?!
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Current uncertainties on decay widths:

Channel r [MeV] Aas Amy Ame Amy THU
H — b 238 7% 179 C00% S0.0% Soso
Horte 256107 100% F00% T00% ol ook
AR R o i A et
Ho 1181070 1% 00% To3% ook Hosk
H-gg 3351070 T300 010 Y000 101% aae
Hooy 9281070 FOSK H00% 100K 400k +lo)
Hozy 6211070 FOS HO0K 100K 400k 450
Howwe g7a10-t OOk H00% +00% +00% 10
Ho 7z 107101 TOUk HOOL Ho0k H00% F0sK
Data available for My = 124 GeV, , 126 GeV

= substantially larger than k precision at ILC/FCC-ee
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Full BR uncertainty overview:
Still YR3 data, no update

MH — 126 GeV
Decay TU PU Total
] W] [
H — vy +2.7 +£2.2 £4.9
H — bb +15 +£19 £33
H— 1T +3.5 +£2.1 +£5.6
H—-WW 20 £2.2 4.1
H— Z/ +2.0 2.2 +472

Parametric uncertainties: largely driven by m; ("in the denominator”)

= not sufficient to meet k goals
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Future theory uncertainties?

Parametric uncertainties:

— largely driven by dm;, = improvement unclear (to me)
lattice community does not seem to agree

— some improvement in as possible

Intrinsic uncertainties:

H — bb, H — cc: higher-order EW corrections 77

H — 7T+ H — 7~ higher-order EW corrections ?

H — gg: improvement difficult

H — ~~: already very precise ...

H — Z~: EW corrections could help ...

H— WW* H— ZZ*. already very precise, two-loop corrections unclear

= intrinsic uncertainty can/will be sufficiently under control?!
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Optimistic(?!) lattice expectations for the future:

RHEINISCH-
WESTFALISCHE
TECHNISCHE *\N\H\H
HOCHSCHULE

AACHEN

RWTH Input Parameters

Lepage, Mackenzie, Peskin [arXiv:1404.0319]
® How well can the Higgs BRs be predicted in the future?

® | imitation due to parametric errors?

® use lattice gauge theory to improve ay, m;, and m..
(e.g. using current-current correlators)
(stated errors already now quite small)

® optimistic projection for lattice improvements:

| 0my(10)  das(mz) dme(3) | & ¢ dg
current errors [10] | 0.70 0.63 0.61 |0.77 0.89 0.78
+ PT 0.69 0.40 0.34 |0.74 0.57 0.49
+ LS 0.30 0.53 0.53 [0.38 0.74 0.65
+LS*| 0.14 0.35 0.53 020 0.65 0.43
+ PT + LS 0.28 0.17 0.21 |0.30 0.27 0.21
+ PT + LS? 0.12 0.14 0.20 |0.13 024 0.17
+ PT + LS* + ST 0.09 0.08 0.20 |0.10 0.22 0.09
ILC goal 0.30 0.70 0.60

(errors in %)

time-scale: 10-15 years
BR report — Alexander Mick —p.7/13
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Particularly challening: Higgs self-coupling
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Desired precision in \7

= highly model dependent

Examples: [R. Gupta, H. Rzehak, J. Wells '13]

e Higgs singlet extension: (AM/A)M ~ —18%

e Composite Higgs models: (AX/\)M ~ +20%
e MSSM: (AXN/ AT < —15%

o NMSSM: (AN/ N < —259%

Decoupling leads to non-vanishing effects!

But we want to test “confirm” the SM value in the first place!

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016

48



Sensitivity to triple Higgs coupling A: [taken from K. Fuji '13]

ZHH®500 GeV vvHH®@1000 GeV
s 2 s 4
bm 18 :_ —x— w/o weight bm —x— w/o weight
B E —=— w/ weight (Optimal) B 3.5 —=— w/ weight (Optimal)
1.6—
B 3F
1.4 - A )\/)\20.76XA ol/o
2 A NA=1.80xA olo s /
1?— ': 25_
0.8?— 1.5;—
o5k Tl A MA=1.66XA o E
. =1. O/0 - —
04l ose- & MA=0.85xA olo
0 O|2 O|4 O|6 0|8 I% - I'I|2 'I|4I | I'I I6I | I1 I8 2I 2.2 0I | I0.|2I | I0.|4I | I0.|6I | I0.|8I - ‘ll - I‘1!2I | I‘I.|4I | I‘I.|6I | I1.|8I | I2|I | I2.2
Mgy, Mgy,

= desirable: at least /s ~ 500 GeV
high luminosity
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Higgs self-coupling from loop corrections? [arXiv:1312.3322]

2 - —
" # ) :
~ /!

OZh =

F

6240 = 100 (267 + 0.01465,) %

= sensitivity to Aggy goes down for higher /s
= percent precision possible on oz, A\ggg

= indirect and model dependent measurement
(to be included in a global coupling fit - within a model)

= 0 (10%) measurement of Ay needed
to measure oz at the percent level!
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5. Conclusions

Experimental precision must be matched with theory precision!

EWPO can give valuable information about SM, BSM

— only SM, MSSM “ready”, more needed = TH input/effort needed!

Most relevant: My, sSin? O, mi, Achag, - - -
Extraction from experiment? = TH input/effort needed!

Current theory uncertainties of M-, sin” 0. not sufficient
Future theory uncertainties: not sufficient! = TH input/effort needed!
Aap5g: could be the limiting factor

Top qguark mass: mainly theory driven, «. cruciall
= TH input/effort needed!

Higgs couplings: XS and BR have to be under control

Can sub-percent/permille level be reached?

— XS: 1% possible, full 2-loop calculations needed?!

— BR: intrinsic uncertainties could be brought down below 1%
parametric uncertainties (m;) have (to me) unclear perspective

= TH input/effort needed!
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Options for the evaluation of intrinsic uncertainties:

1. Take the known contribution at n-loop and (n — 1)-loop and thus esti-

mate the n 4+ 1-loop contribution:
(n + 1)(estimated) n(Known)
(n — 1)(known)

Y

n(Known)

= simplified example! Has to be done
“coupling constant by coupling constant”

2. Variation of uﬁ (QCD, EWY)

3. Compare different renormalizations

4. 777

Sven Heinemeyer, KET workshop: ete~ Colliders - the next generation, 02.05.2016
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Corrections to My, sin? 6.+ — approximation via the p-parameter:

p measures the relative strength between
neutral current interaction and charged current interaction

1 A, — =20)  Zw(0)

T 1 a0 T M2 T MR

(leading, process independent terms)

Ap gives the main contribution to EW observables:

M c2 c2 82
AMy = =W A, Asin? 68~ — WA
t,b £,b
1% vov o/ ‘4

ANNQ oA~

Ap>YSY from £/b loops >0 = MzY>Y > MM, sin2 92Y>Y < sin? 2

Y
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Ap>YSY from £/b loops >0 = MzY>Y > MM, sin2 g2¢>Y < sin? 92
SM result for My, and sin? ¢
— full one-loop
— full two-loop
— leading 3-loop via Ap
— leading 4-loop via Ap
Our MSSM result for My, and sin? O
— full SM result (via fit formel)
— full MSSM one-loop (incl. complex phases)
— all existing two-loop Ap contributions
= non-Ap one-loop and Ap two-loop contributions
sometimes non-negligible!
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Scenario 1: Effects of stops, sbottoms, Mj:
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Scenario 1: Effects of stops, sbottoms, Mj:
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Higgs observables: Higgs couplings

LHC always measures o x BR

= Total width I i+t Cannot be measured without further
theory assumptions.

Recommendation of the LHCHXSWG:

= Higgs coupling strength scale factors: k;

For each benchmark (except overall coupling strength)
various versions are proposed:

with and without additinal theory assumptions

— no additional theory assumptions:

= Determination of ratios of scaling factors, e.g. k; nj/nH

— additional theory assumptions (on Iy tot OF Ky z or H — NP)

= Determination of x; (evaluated to NLO QCD accuracy)
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HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]
assumption: BR(H — NP) = BR(H — inv.)
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= strong improvement with the ILC
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HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]

assumption: kyy <1
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= strong improvement with the ILC
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HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]
no theory assumptions, full fit
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= high ILC precision, not possible at the LHC
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HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]
no theory assumptions, full fit
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