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New era of precision studies of the Higgs sector
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(from Snowmass Higgs working group report): Higgs precision will approach that of EWP



@ 100 TeV

4. Higgs cross sections for HE-LHC

SM Higgs production cross sections at Vs = 14, 33, 40, 60, 80 and 100 TeV (My=125 GeV)

43-14'rev Vs=33TeV | Vs=40TeV | vs=60TeV | Vs=80TeV | Vs =100 TeV

ggF 50.35pb 178.3pb (3.5) 231.9pb (4.6) 394.4 pb (7.8) 565.1 pb (11.2) 740.3 pb (14.7)
VBF b 440pb 16.5pb(3.8) 23.1pb(52) 40.8pb(9.3) 60.0pb(13.6) 82.0pb (18.6)
WH ¢ 1.63pb 4.71pb(29) 588pb(36) 9.23pb(5.7) 12.60pb(7.7) 15.90 pb (9.7)
ZH® 0904pb 2.97pb(3.3) 3.78pb(4.2) 6.19pb(6.8) 8.71pb(9.6) 11.26 pb (12.5)
ttH d 0623pb 4.56pb(7.3) 6.79pb(11) 150pb(24) 255pb(41)  37.9 pb (61)
gg — HH°(A=1) 33.8fb 207fb(6.1) 298fb(8.8) 609 b (18) 980 fb (29)  1.42 pb (42)

PDF is NNLO(NLO) MSTW2008 set. Numbers in () parentheses are the cross-section ratio wrt 14 TeV.

a) NNLO+NNLL QCD + NLO EW corrections. QCD scale and PDF+ag uncertainties remain constant about +-8% for both (D. de Florian).

b) NNLO QCD only with VBF@NNLO (M. Zaro).

¢) NNLO QCD only with VH@NNLO (R. Harlander).

d) NLO QCD. (M. Spira).

e) NLO QCD with HPAIR. The central scale is the invariant mass of the Higgs pair. The scale is varied by a factor 2 up and down. (M. Spira).

https:/ /twiki.cern.ch /twiki/bin/view / LHCPhysics/ HiggsEuropeanStrategy2012



@ 100 TeV

4. Higgs cross sections for HE-LHC

SM Higgs production cross sections at Vs = 14, 33, 40, 60, 80 and 100 TeV (My=125 GeV)

ggF 2 1178.3pb (35) 231.9pb (4.6) 394.4pb (7.8) 565.1pb (11.2) [740. x 15!
VBF b pb | 16.5pb(3.8) 23.1pb(52) 40.8pb(9.3) 60.0pb(136) | x 20 !
WH © b | 471pb(29) 5.88pb(3.6) 9.23pb(5.7) 12.60 pb (7.7) | x 10!
ZH® 297pb(3.3) 3.78pb(4.2) 6.19pb(6.8) 8.71 pb (9.6) " x 12!
ttH 9 | 456pb(7.3) 679pb(11) 150pb(24) 255pb(41) | x 60 !
gg — HHe(A=1) | 207f(61) 208f(88) 609 (18) 980 (29) X 42 !

PDF is NNLO(NLO) MSTW2008 set. Numbers in () parentheses are the cross-section ratio wrt 14 TeV. -

a) NNLO+NNLL QCD + NLO EW corrections. QCD scale and PDF+ag uncertainties remain constant about +-8% for both (D. de Florian).

b) NNLO QCD only with VBF@NNLO (M. Zaro).

¢) NNLO QCD only with VH@NNLO (R. Harlander).

d) NLO QCD. (M. Spira).

e) NLO QCD with HPAIR. The central scale is the invariant mass of the Higgs pair. The scale is varied by a factor 2 up and down. (M. Spira).

https:/ /twiki.cern.ch /twiki/bin/view / LHCPhysics/ HiggsEuropeanStrategy2012
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Precision Higgs Analysis: expansion formalism of the
Higgs boson partial widths and branching fractions

+ The determination of the Higgs boson

mass now enables a complete set of input observables
whereby any perturbative high-energy observable
involving the Higgs boson can be predicted.

+ careful exposition of the decay partial widths and

branching fractions of a SM Higgs boson with mass near
255G e

» state-of-the-art formulas that can be used in any precision
electroweak analysis to investigate compatibility of the data
with the SM predictions in these most fundamental and
sensitive observables



What's new in our expansion formalism?
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+ We also aim to detail the errors that

each input into the

computation propagates to the final answer for each

observable



Our Expansion Formalism of Partial Widths and Uncertainties

Taylor expand the full expressions for partial width around the input observables. This
expansion is made possible by the fact that with the discovery of the Higgs boson, and
knowledge of its mass, all input observables are now known to good enough accuracy to
render an expansion of this nature useful and accurate.

We represent the partial width expansion by

Fpax = F()??f) (1 + Z a"ri,Xé_n')

where
—  Ti — Tire
(S'Ti — - f,
Tiyref
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Our Expansion Formalism of Partial Widths and Uncertainties

Taylor expand the full expressions for partial width around the input observables. This

expansion is made possible by the fact that with the discovery of the Higgs boson, and
knowledge of its mass, all input observables are now known to good enough accuracy to
render an expansion of this nature useful and accurate.

We represent the partial width expansion by

Ti

where
5_ _ Ti — Tiref
T = )
Ts wnf

I‘S?ef) /GeV Ame X Ampy X Aa(Mz),X Aag(Mz).X Ay, X aMz X Am.. X Am, X aGr X
total | 4.17x10—3 | -3.3x10~2 1.34 8.35x10~T | -5.05x10~T 1.32 -3.21 7.80x10~Z | 1.24x10~ T | 8.49x10~ !

qq 3.61x10~% | -1.62x10~! 2.89 0. 2.48 -6.51x102 | 3.76x10~! 0. 0. 1.00
vy 1.08x10~5 | -2.69x10~2 4.32 2.56 1.80x10~2 | 8.20x103 -1.86 0. 0. 7.24x10~!
bb 2.35x103 | 8.07x10~3 | 8.09x10~! | 3.76x10~2 -1.12 2.36 -2.72x10! 0. 0. 9.53x10!
ce 1.22x10~4 | -4.52x10~2 | 7.99x10~! | 1.02x10~2 -3.10 0. -4.89% 10! 2.67 0. 9.70x10~!

THr— | 2.58x10% | 4.71x10~2 | 9.95x10~! | -2.09%10~2 | -2.14x10~3 0. -1.61x10—2 0. 2.01 1.02
WW+ | 043x10~% | -1.13x10~! | 1.37x10! 3.66 9.04x10—3 0. -1.21x10? 0. 0. 2.49x10!

ZZ* | 117x107% | 2.27x107% | 1.53x10' | -7.37x107! | -1.82x107* 0. -1.12x10! 0. 0. 2.53

Zvy | 6.89x107% | -1.52x107% | 1.11x10' | 8.45x107! 0. -7.93x1073 -4.82 0. 0. 2.62

putp= | 8.93x1077 | 4.82x107% | 9.92x107! | -4.31x1072 | -2.19x1073 0. -1.62x1072 0. 0. 1.02




Input Parameters for our expansion

* Iﬂpllt: {’mH, Mz, Aﬁi)d, as(Mz),GF, mf} 0T = (T — Tref)/ Tres

Now that we have established our convention that My, is
an output observable, when the W mass appears in formulas
below, we should view it as a short-hand notation for the full
computation of the W mass within the theory in terms of our
agreed-upon inputs. In the SM this substitution is

7/
X4

Mw 2 (80.368GeV) (1 + 1.426Myz + 0.216Gr — 0.43a

+0.0138M, — 0.0011 dag — 0.00075 M) .

7/
X4

my 125.7(4) | pole mass m, 173.07(89)
MS mass me  1.275(25) | MS mass mp  4.18(3)
pole mass m, 1.77682(16) as(Mz) 0.1184(7)

o(Mz)  1/12896(2) | A, 0.0275(1)
pole mass My 91.1535(21) | Gr 1.1663787(6) x 107 |
a(My) = @

1 — Aaeyr — Aay — Aahi)d



Expansion of BR and ratio of BRs

B(H — X) = B(X)) (1 +) br,,xé_n) ,

where 7; represents the {mn, Mz,Aa;({Z)daOS(Mz),mf}. Expan-
sion parameters b, x are related to a,, x by

b'n X = Qg x — Qqf, t0t-

B(H—X) B(X)tr _
B(H—Y) B(Y)tD 1+Z:"T-«W5Tz ,

where 7; represent the{mmMZ,ACY;({;)daas(Mz),mf}. The ex-
pansion parameters r,, xy is related to a,, x by

TT‘,JY,Y — a1.‘,JY — aT‘,Y‘



Expansion of BR and ratio of BRs
B(H — X) = B(X)@ (1 + Z@Tr) ,
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Expansion of BR and ratio of BRs
B(H — X) = B(X)" (1 + Z@&n) ,

where 7; represents the {mﬂ, Mz,Aahad,as(Mz),mf}. Expan-
sion parameters b, x are related to a,, x by

b.,' X = Qn x — Qf, tot-

B(H— X X (vet)
J22) SO (), Z 57 ).
B(H—=Y) B(Y)reD)
where 7; represent the{mH:AJZ,Aag;d:aS(A/IZ),mf}. The ex-
pansion parameters r,, xy is related to a,, x by

T, XY = Qr, X — Q7 Y.




Expansion of BR and ratio of BRs
B(H — X) = B(X)@ (1 + Z@Tr) ,

The table of expansion coefficients enables us to compute
the uncertainty in a final state branching ratio due to each
input parameter. The percent uncertainty A;X on branching
fraction B(X) due to input parameter 7; is

A Ti

re
T J

A¥ = (100%) x |b+ x|

where A7; are the current experimental uncertainties in input

parameter 7;. For example, the percentage uncertainty in the
H — gg branching fraction is

0.03 GeV
99 — (100%)(1.389 — 1.00%.
Ay = (1007%)( )4.18GeV %




Expansion of BR and ratio of BRs
B(H — X) = B(X)) 1+Z@5_n ,

INTRT XY the uncertainty in the b-quark mass input
RN observable constitutes the largest uncertainty

input paramet ; ; : :
fraction B(X) in the branching ratio computations.

The large uncertainty of the charm quark mass

is the decisive contributor to H ->cc
where A7; are

parameter 7;. uncertainty as well
H — gg brar
A = (100%)(1. 389)0 03GeV — 1.00%.

4.18 GeV



B(X)*eh) - . ba(y) bag(My) b, | bar; by, Oy bc
gg | 8.68x1077 | -1.20x107T -1.46 -8.35x107T 2.99 -1.39 | 3.58 | -7.8x1077% | -1.24x10° T | 1.51x10°*
vy | 2.58x10-2 | 6.09x10-3 | -2.12x10-2 1.73 5.23x10-! | -1.32 | 1.35 | -7.80x10-2 | -1.24x10-! | -1.25x10~!
bb | 5.63x10-! | 4.10x10-2 -3.54 -7.98%10-! | -6.16x10-! | 1.04 | 2.93 | -7.8x10~2 | -1.24x10-! | 1.04x10-!
ce | 292x1072 | -1.23x102 -3.55 -8.25%10~! -2.59 -1.32 | 2.72 2.59 -1.24x107! | 1.21x10°!
7~ | 6.18x1072 | 8.01x10~2 -3.35 -8.56x10~" | 5.03x10~! | -1.32 | 3.19 | -7.80x 102 1.88 1.67x107!
WW=* | 2.26x10~! | -7.99x102 9.32 2.82 5.14x10~! | -1.32 | -8.91 | -7.8x10~2 | -1.2d4x10~! | -5.99x10~!
Z7Z* | 281x10°2 | 557x10~2 | 1.10x10! -1.57 503x10~" | -1.32 | -7.98 | -7.80x10"2 | -1.24x10~! 1.68
Z~y | 1.65x107* | 1.78x10~2 6.71 9.80x10~2 | 5.05x10°' | -1.33 | -1.61 | -7.80x10~2 | -1.24x 10! 1.77
ptp | 2.14x107* | 8.11x102 -3.35 8.79%107! | 5.03x10~! | -1.32 | 3.19 | -7.80x1072 | -1.24x10~ ' | 1.67x10~!

Table 14: The reference value and expansion coefficients for Higgs boson decay branching fractions according to Eq. (12). The
input parameters for this computation are from Table 1. VV* partial decay widths are calculated by Prophecyjf. These results
were computed using M S m,; and m,. inputs (see Table 10) rather than their pole mass inputs (see Table 1). Compare results

with the pole mass input results of Table 5.

B(X)/B(Y )Rey

T'm, T'my Ta(Mz) Tas(Mz) T'my, TMz T'm, "m, TGp
vy [WW* 1.14x10°2 8.60x102 -9.35 -1.10 8.99x10~7 | 8.29x10~7 | 1.03x10! 0. 0. | 4.75x10°T
bb/cé 1.93%10! 5.33x1072 | 1.01x1072 | 2.74x10?2 1.98 2.36 2.17x1071 | 267 | 0. |-1.67x1072
e jutp~ 2.80x 102 -1.02x1072 | 2.55%x107% | 2.22x10°2 | 4.63x10~° 0. 1.09x10~% | 0. | 2.01|-3.36x10~*
ce/ptp~ 1.36x 102 9.34x1072 | -1.93x10~! | 5.33x102 -3.10 0. -4.73x10~1 | 267 | 0. | -4.62x1072
WW*/ZZ* 8.05 -1.36x10~! -1.63 4.40 1.09%x102 0. -0.38x10~1 | 0. 0 -2.28
/| ZZ* 9.19x10-2 -4.96x10-2 | -1.10x10! 3.30 1.99%10-2 | 8.20%10-3 9.33 0. 0. -1.81
bb/Z Z* 2.00%10! -1.47x10-2 | -1.45x10' | 7.74x10-1 -1.12 2.36 1.09x 10! 0. 0. -1.58
4= |Z2Z* 2.20 2.44x1072 | -1.43x10' | 7.16x10~! | -3.19x10~* 0. 1.12x10! 0. | 2.01 -1.52
Z~|ZZ* 5.88x102 -3.79%102 -4.24 1.58 1.82x10~2 | -7.93x103 6.37 0. 0 9.x10~2
bb/TH T~ 9.11 -3.91x1072 | -1.85x10~ | 5.85%x10°2 -1.12 2.36 -2.56x1071 | 0. 0. |-6.25x10"2
71 Jec 2.12 9.24x102 | 1.96x10~! | -3.11x102 3.10 0. 4.73x10~1 | -2.67 | 2.01 | 4.58x10~2
yy/ Zry 1.56 -1.17x1072 -6.74 1.72 1.80x1072 | 1.62x102 2.96 0. 0 -1.90
99/Z~ 3.31x10! -1.47x107! -8.17 -8.45x107! 2.48 -5.72x1072 5.19 0. 0 -1.62

Table 17: The reference value and expansion coefficients for ratios of Higgs boson decay branching fractions according to Eq. (16).
The input parameters for this computation are from Table 1. VV* partial decay widths are calculated by Prophecy/f in this
table. These results were computed using MS m;, and m, inputs (see Table 10) rather than their pole mass inputs (see Table 1).
Compare results with the pole mass input results of Table 8.



How well can we predict SM observables?

Percent relative uncertainty, Po:

Q= Qo (1+0.01 Py).

The meaning of “P¥(par.add.)” is that all input parame-

T T T p-

__ Pg éga(.rla;l:)) Pp1 (7131&1&1(11(1)?()1) (%08[)528; ) ters have been allowed to range over their 1o errors and the
99 2.52 (1.83) 1.74 (1.49) (0.05,0.03) | maximum percent relative errors are recorded. The mean-
Ny 1.45 (0.42) 1.38 (0.35) (1.31,0.60) | ing of “Plit (par.quad.)” is that the uncertainties of each pa-
bb 2.62 (2.43) 1.84 (1.82) (0.29,0.01) | rameter are added in Gaussian quadrature. In other words,
cc 7.34 (7.15) 5.55 (5.54) (0.45,0.35) | Pz (par.quad.) = 100 AT;/T';, where

= | 036 (0.12) | 0.32(0.08) | (0.01,0.01) ‘

WW+ | 4.41(1.17 4.97 (1.25 0.25,0.31 -\ 2 N\ 2

Z7Z* | 4.90 EI.ZS; 4.42 El 11; ( (0.,0.) ) (AL;)? = (8F') (Am,)” + (8[‘,) (Aay)? + (11)
Zv | 356 (092) | 352(0.88) | (0.56,0.23) Om, Oos

prp | 034 (0.11) 0.32 (0.08) (0.03,0.03) The uncertainties in varying the scale parameter g in the

calculation, attempts to capture the uncertainty in not know-
ing higher order corrections. A full calculation at all or-
ders would give a result that does not depend on g but a
finite-order calculation does, and the uncertainty of drop-
ping the higher order calculations are assumed to be ap-
proximated reasonably well by noting how much the result

changes by varying p by a factor of two upward and down-
ward: mpy/2 < p < 2mpy. The meaning of “PF(u)” in Ta-
ble 4 concerns the relative percent uncertainties associated

with this scale dependence algorithm.
() => if the Higgs mass uncertainty were 0.1 GeV (instead of 0.4 GeV)
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Pn(Am) = {m(my)+m_(mg)}/{2m(mp)}

my(my) is computed using mpgle = Myef £ Oy

() => if the Higgs mass uncertainty were 0.1 GeV (instead of 0.4 GeV)



SM vs. New Physics? Uncertainties in BRs

A, A, Anum AVTY, Amy | Az | A | Am, | Ac X _ ( AT;
gg | 0.07 | 0.46 (0'.{12) 0.(012) 15.%72) .00 [ 0.01 T0.15 ] - - A; _(IOO%)leT“XlTref
Y . 0.01 (- ) 0.03 0.31 094 | - |015]| - ; -
bb | 0.02 | 1.13 (0.28) | 0.01 0.36 074 | 001 | 0.15 | - ;
cc | 0.01 | 1.13(0.28) | 0.01 1.53 095 | 0.01 | 5.08 | - .
r+r— | 0.04 | 1.07 (0.27) | 0.01 0.30 095 | 0.01 | 0.15 | 0.02 | -

WW=* | 0.04 | 297 (0.74) | 0.04 0.30 095 | 0.02 | 0.15 | - .
ZZ* | 0.03 | 348 (0.87) | 0.02 0.30 095 | 0.02 | 0.15 | - .
Zv | 0.01 | 2.14 (0.53) . 0.30 096 | - |015]| - -
prp— | 0.04 | 1.07 (0.27) | 0.01 0.30 095 | 0.01 | 0.15 | - .
Pgp(par-add.) | Pgg(par-quad.) | (Pgr, Pagr)(#)
q9 3.47 (3.12) 2.09 (2.04) (0.03,1.38)
vy 1.45 (1.44) 1.01 (1.01) (1.81,1.83)
bb 2.43 (1.58) 1.41 (0.89) (0.21,0.)
e 8.72 (7.87) 5.51 (5.40) (0.54,0.44)
THr 2.55 (1.75) 1.47 (1.04) (0.09,0.07)
WW* | 4.48 (2.26) 3.13 (1.25) (0.10,0.08)
Z7" 4.96 (2.34) 3.63 (1.33) (0.10,0.08)

Z~ 3.56 (1.96) 2.36 (1.15) (0.83,0.80)
ptp= | 2.53 (1.73) 1.47 (1.04) (0.07,0.06)

() => if the Higgs mass uncertainty were 0.1 GeV (instead of 0.4 GeV)




SM vs. New Physics? Uncertainties in BRs
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vy - | 001(-) | o003 031 |[094| - |o015]| - _ '
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For example, if the data at a later stage of the LHC, or ILC,
or CLIC suggests that the branching fraction into b quarks can Pap(par.-add.) | Pagp(par.-quad.) | (Pggr, Pgr)(1)
be determined to better than 1%, this does not mean that we 99 3.47 (3.12) 2.09 (2.04) (0.03,1.38)
are sensitive to new physics contributions of 1% to H — bb. Y 1.45 (1.44) 1.01 (1.01) (1.81,1.83)
The reason can be seen from Tables 6 and 7 that the SM blj 1-58) 1.41 (0.89) (0.21,0.)
uncertainty in computing B(H — bb) is presently 2.4% (sum fC_ 'rg (7'82) 5.51 (5.40) (0.54,0.44)
of absolute values of all errors) and expected to not get bet- | ° * 2.55 (1.75) L4t (I'Of) (0.09,0.07)
ter than 1.6%, with most of that coming from uncertainty of 4 H_ 4.48 (2.26) 3.13 (1.25) (0.10,0.08)
. Lo . ZZ 4.96 (2.34) 3.63 (1.33) (0.10,0.08)
the bottom Yukawa coupling determination stemming from 7 a5 -
, — , 56 (1.96) 2.36 (1.15) (0.83,0.80)
the uncertainty of the measured bottom quark NS mass ity 2.53 (1.73) 1.47 (1.04) (0.07.0.06)

() => if the Higgs mass uncertainty were 0.1 GeV (instead of 0.4 GeV)
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SM vs. New Physics? in BRs

B(H-XX )/B(H-XX ™
N 095 09 + 08

Yol v

. SM
_\t/}t

Figure 1: Left Panel: Contours of B(H — vv)/B(H — vy7¥)sum (solid lines) and B(H — ZZ)/B(H — ZZ)su (dashed lines) in
the y; — y» plane. The SM position at (1, 1) is marked with an x. Right Panel: The red shaded region is the 1o allowed region
for y, /y;™ and yp/y;™ given current data limits on o(H) x B(H — ZZ*). The blue shaded region is the current 1o allowed

region from current data limits on o(H) x B(H — 7).
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FCC-ee: Before 100 TeV

Best Fit Predictions

h =y} * ~2% level
|
h—22 P T Py oo ) [ (P Py )
99 3.47(3.12 2.09 (2.04 0.03,1.38
<17 fevel vy 1.45Q(TZZ)D 1.01 (1.01)
h—-WWt bb 2.43 (1.58) 1 41 (0.89) (0.2T0.
| ce 8.72 (7.87) 51 (5.40) (0.54,0.44)
! | 2.55 (L.75 1 47 (1.04) (0.09,0.07)
h—ggl t« 1% level |ww* 4. 3.13 (1.25) (0.10,0.08)
| : ZZ* | 4.96 3.63 (1.33) (0.10,0.08)
: Z~ 3.56 (1.96) 2.36 (1.15) (0.83,0.80)
* CMSSM high mass ptp~ | 253 (1.73) 1.47 (1.04) (0.07,0.06)
® CMSSM low mass
A NUHM1
B LHC
The TLEP B HL-LHC
Design
St d?/ B ILC
Working EEE TLEP
Group 1 SMunc. Higgs WG

-15 -10 -5 0 5 10 15
(BR—BRg))/ BRsy(7)
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Pap(par-add.) | Pgp(par-quad.) | (Pag, Par) (1)
99 3.47(3.12) 2.09 (2.04) (0.03.1.38)
vy 1.45 (1.44) 1.01 (1.01)
bb 2.43 (1.58) 1.41 (0.89) (0.2T.0.
ce 8.72 (7.87) 5.51 (5.40) (0.54,0.44)
T 2.55 (1.75 1.47 (1.04) (0.09,0.07)
WW* | 4. :‘@ 3.13 (1.25) (0.10,0.08)
ZZ 4. 3.63 (1.33) (0.10,0.08)
Z~ 3.56 (1.96) 2.36 (1.15) (0.83,0.80)
ptp= | 2.53 (1.73) 1.47 (1.04) (0.07,0.06)




(@ FCC-hh (100 TeV

4. Higgs cross sections for HE-LHC

SM Higgs production cross sections at Vs = 14, 33, 40, 60, 80 and 100 TeV (My=125 GeV)

s-14Tev Ve=33TeV | Vvs=40TeV | vs=60TeV | Vs=80TeV | Vs =100 TeV
ggF 2

50.35pb 178.3pb (3.5) 231.9pb (4.6) 394.4 pb (7.8) 565.1 pb (11.2) 740.3 pb (14.7)

VBF b 440pb 165pb(3.8) 23.1pb(5.2) 40.8pb(9.3) 60.0pb(13.6) 82.0pb (18.6)
WH ¢ 1.63pb 4.71pb(29) 588pb(36) 9.23pb(5.7) 12.60pb(7.7) 15.90 pb (9.7)
ZH® 0904pb 2.97pb(3.3) 3.78pb(4.2) 6.19pb(6.8) 8.71pb(9.6) 11.26 pb (12.5)
ttH d 0623pb 4.56pb(7.3) 6.79pb(11) 150pb(24) 255pb(41)  37.9 pb (61)
gg — HH(A=1) 33.8fb 207fb(6.1) 298fb(8.8) 609 b (18) 980 fb (29)  1.42 pb (42)

PDF is NNLO(NLO) MSTW2008 set. Numbers in () parentheses are the cross-section ratio wrt 14 TeV.

a) NNLO+NNLL QCD + NLO EW corrections. QCD scale and PDF+ag uncertainties remain constant about +-8% for both (D. de Florian).

b) NNLO QCD only with VBF@NNLO (M. Zaro).

¢) NNLO QCD only with VH@NNLO (R. Harlander).

d) NLO QCD. (M. Spira).

e) NLO QCD with HPAIR. The central scale is the invariant mass of the Higgs pair. The scale is varied by a factor 2 up and down. (M. Spira).

TLEP 350 | ILC 350

HE Total Integrated Luminosity (ab™ ") 2.6 0.35
Number of Higgs bosons from e*e™ — HZ 340,000 | 65,000
Number of Higgs bosons from boson fusion 70,000 | 22,000

httne / /+twilki corn ch /twili /hin /view /T HC Phvcice / HicocFi1ironeanStrateov?201?




(@ FCC-hh (100 TeV

4. Higgs cross sections for HE-LHC

SM Higgs production cross sections at Vs = 14, 33, 40, 60, 80 and 100 TeV (My=125 GeV)

s-14'rev Vs=33TeV | Vs=40TeV | vs=60TeV | Vs=80TeV | Vs =100 TeV
ggF 2 740.3 pb |14

b 1178.3pb (3.5) 231.9pb (4.6) 394.4 pb (7.8) 565.1pb (11.2) x 15!
VBE b b | 16.5pb(3.8) 23.1pb(52) 40.8pb(9.3) 60.0pb (13.6) | ! x 20!
WH e pb | 471pb(28) 5.88pb(36) 9.23pb(5.7) 12.60 pb (7.7) 15. x 10!
ZH® 1 297pb(33) 378pb(42) 6.19pb(6.8) 8.71pb(96) [11 x 121
ttH 9 | 456pb(7.3) 6.79pb(11) 150pb(24)  255pb(41) | x 60!
gg — HH(A=1) | 207(61) 298%(88) 609%(18) 980 (29) | x 42!

PDF is NNLO(NLO) MSTW2008 set. Numbers in () parentheses are the cross-section ratio wrt 14 TeV. -

a) NNLO+NNLL QCD + NLO EW corrections. QCD scale and PDF+ag uncertainties remain constant about +-8% for both (D. de Florian).

b) NNLO QCD only with VBF@NNLO (M. Zaro).

¢) NNLO QCD only with VH@NNLO (R. Harlander).

d) NLO QCD. (M. Spira).

e) NLO QCD with HPAIR. The central scale is the invariant mass of the Higgs pair. The scale is varied by a factor 2 up and down. (M. Spira).

TLEP 350 | ILC 350

HE Total Integrated Luminosity (ab™ ") 2.6 0.35
Number of Higgs bosons from e*e™ — HZ 340,000 | 65,000
Number of Higgs bosons from boson fusion 70,000 | 22,000

httne / /+twilki corn ch /twili /hin /view /T HC Phvcice / HicocFi1ironeanStrateov?201?




(@ FCC-hh (100 TeV)

4. Higgs cross sections for HE-LHC

SM Higgs production cross sections = 14, 33, 40, 60, 80 and 100 TeV (My=125 GeV)
FECC-hh can measure ratio of BE very Vs = 100 TeV
precisely (already at the end of HL. LHC, some ratios 7403pb147) X 15 |
can be measured at ~5% level) . And FCC-hh will | x 21(()) !'
have much larger number of events: i 12 |
(c.t.., for a given integrated luminosity, 2 order of <60 !
magnitude larger number of events compared t0 TLED Suuy 5 42 1

350 (FCEC=ee) for ZH channell)

a) NNLO+NNLL QCD + NLO EW corrections. QCD scale and PDF+ag uncertainties remain constant about +-8% for both (D. de Florian).

b) NNLO QCD only with VBF@NNLO (M. Zaro).

c) NNLO QCD only with VH@NNLO (R. Harlander).

d) NLO QCD. (M. Spira).

e) NLO QCD with HPAIR. The central scale is the invariant mass of the Higgs pair. The scale is varied by a factor 2 up and down. (M. Spira).

TLEP 350 | ILC 350

€l Total Integrated Luminosity (ab™") 2.6 0.35
Number of Higgs bosons from e"e™ — HZ 340,000 | 65,000
Number of Higgs bosons from boson fusion 70,000 | 22,000

httne / /+twilki corn ch /twili /hin /view /T HC Phvcice / HicocFi1ironeanStrateov?201?




(@ FCC-hh (100 TeV)

Percent relative uncertainty, Po:

Q = Qo (1+0.01Pp).

P*(par.-add.) | P*(par.-quad.)
Yy /WW* | 3.71 (1.48) 3.04 (0.99)
bb/cé 8.13 (8.12) 5.62 (5.62)
T Jutpe | 0.02 (0.02) 0.02 (0.02)
ce/ptp~ | 7.7 (713 5.54 (5.54)
Ww*/zz* | 0660.28) | 0.53 (0.16)
vy/ZZ* 3.61(099) | 3.49 (0.88)
bb/Z 7" 7.01 (355 4.96 (2.15)
/220 | 4.62(1.21) | 455 (1.14)
Zy|ZZ* 1.410.40) 1.35 (0.34)
bb/THT" 2.44 (2.39) 1.82 (1.82) s
rtrfee | 7.19 (7.14) 554 (5.54) | (0.36.0.45)
Y/ Zy 2.21((0.60)) 2.14 (0.54) D
99/ Z~ 4.21 (2.6) 2.99 (1.61) | (0.99.3.11)

() => if the Higgs mass uncertainty were 0.1 GeV (instead of 0.4 GeV)



(@ FCC-hh (100 TeV)

Percent relative uncertainty, Po:

P*(par.-add.)

P*(par.-quad.)

AW
bb/cc

cc/ptp”
WW*/ZZ*
YY/Z2Z*
bb/ZZ*
URE VA
Zy|ZZ*
bb/THT
71~ Jcc
YY/Zy
99/Z~

T [ut e

3.71 (1.48)
8.13 (8.12)
0.02 (0. 02)

121 (2.76)

304

.&
Ze
(=2
AAAAAAAAAAAAA
_0 0O O Ot

i—hOut

99)
5.62)
02)
54)
16)
88)
15)
14)
34)
82)
5.54)
54)
61)

(0.36.0.45)
D
(0.99.3.11)

Q = Qo (1+0.01Pp).

c.f. AX for Branching Fractions:

Pap (par.-add.)

Pag (par.-quad.)

(P{{R, Par)(p)

99

7Y
bb

cc
T~
WWw+
VA
Z

prp

3.47 (3.12
1.45 (1.44
2.43 (1.58
872 (7.87
55 (1.75)
48 (
96 (
(

et i S’

2.26)
2.34)
3 56 (1.96)
2.53 (1.73)

2.09 (2.04)
1.01 (1.01)
1.41 (0.89)
5.51 (5.40)
1.47 (1.04)
3.13 (1.25)
3.63 (1.33)
2.36 (1.15)
1.47 (1.04)

(0.03,1.38)
(1.81,1.83)
(0.21,0.)
(0.54,0.44)
(0.09,0.07)
(0.10,0.08)
(0.10,0.08)
(0.83,0.80)
(0.07,0.06)

() => if the Higgs mass uncertainty were 0.1 GeV (instead of 0.4 GeV)




(@ FCC-hh (100 TeV

due to the input parameter

+ The
(with Amr=0.1 GeV):

XY
DN

(100%) x

‘TTZ XY‘

1oo°ﬂrmt 100 Amhrmh 100 42M2) 0 (Mz) 100

a (MZ)
vY/WW 0.04 0.74 0.02

bb/cc 0.03 0. 0.

T/ 0. 0. 0.
WW/ZZ 0.07 0.13 0.07
yy/ZZ 0.03 0.87 0.05
Zy|ZZ 0.02 0.34 0.02
vy/Zy 0.01 0.54 0.03
ge/Zy 0.08 0.65 0.01
TT/ZZ 0.01 1.14 0.01

() => if the Higgs mass uncertainty were 0.1 GeV (instead of 0.4 GeV)

P*(par.-add.)

P*(par.-quad.)

(P*

P~)(p)

Y /WW* | 3.71 (1.48) 3,04 (0.99) | (L7LI75)
bb/ce 8.13 (8.12) 5.62 (5.62) | (0.65,0.42)
e /utpe | 0.02 (0.02) 0.02 (0.02) | (0.02,0.02)
cc/ptpm | 717 (113 5.54 (5.54) ..
Www*/zz* | 0.660.28)) 0.53 (0.16)
VANG ot vy/z2z* | 3.61Q009) | 3.49 (0.88)
1 bb/ZZ* 7.01 (355 4.96 (2.15)
r ef rrr-/zz0 | 4.62(Q21) | 455 (1.14)
z Zy|Z2* 1.410.40)) 1.35 (0.34)
bb/THT" 2.44 (2.39) 1.82 (1.82) 3
= jee | 7.9 (7.14 554 (5.50) | (0.36.0.45)
Y/ Zy 2.21 214 (054) | D
99/Zy 4.21 (2.26) 2.99 (1.61) (0.99,3.11)
Aas (MZ) Amb AmZ Amc Amtau
as (M2) ras(Mz) 100 Ermb 100 Ermz 100 Ermc 100 mtan
001 0.01 0.02 0. 0.
1.17 1.69 0. 5.23 0.
0. 0. 0. 0. 0.02
0.01 0. 0.00 0. 0
0.01 0.01 0.02 0. 0.
0.00 0.01 0.01 0. 0.
0.01 0.01 0.01 0. 0
1.47 0.04 0.01 0. 0.
0. 0. 0.03 0. 0.02

Amtay otau 100 “‘F:GF

e 9
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Perturbative Uncertainties become the ' O TQV

major source of uncertainty:
> Input parameter

cry for higher order perturbative P ) [ P ) [ (7 70
A /WW* | 371 (1.48) 3.04 (0.99) (1.71,1.75)
: bb/cc 8.13 (8.12) 5.62 (5.62) (0.65,0.42)
calculations!! T+¢/- i | 002 002) | 002 EO 02; (0.02.0.02)
ccfutp
lef/gz 0 03 (0.16)
¥Y/Z22* 3.49 (0.88)
bb/ZZ* 4.96 (2.15)
122" . 2 4.55 (1.14)
Zy]ZZ* . 1.35 (0.34)
bb/THT™ . . 1 82 (1.82) 8
7 Jce 7.19 (7.14 54 (5.54) (0. 36040)
N/ Zy 2.21 214 (0.54) | 0.97,1.01D
99/Z~ 4.21 (2.6) 2.99 (1.61) (0.99.3.11)
10022 rmt 100 2=*rmh 100 —@m(Mz) 100 —@ms(Mz) 100 2% mb 100 %£mz 100 2™rmc 100 2™ mtau 100 %5 1GF
yy/WW 0.04 0.74 0.02 0.01 0.01 0.02 o. 0. 0.
bb/cc 0.03 0. 0. 1.17 1.69 0. 523 0. 0.
T/ 0. 0. 0. 0. 0. 0. 0. 0.02 0.
WW/ZZ 007 0.13 0.07 0.01 0. 0.00 0. 0 0.
yy/ZZ 0.03 0.87 0.05 0.01 0.01 0.02 0. 0. 0.
Zy|ZZ 0.02 0.34 0.02 0.00 0.01 0.01 0. 0. 0.
yy/Zy 0.01 0.54 0.03 0.01 0.01 0.01 0. 0 0.
8e/Zy 0.08 0.65 0.01 1.47 0.04 0.01 0. 0. 0.
17/ZZ 0.01 1.14 0.01 0. 0. 0.03 0. 0.02 0.

() => if the Higgs mass uncertainty were 0.1 GeV (instead of 0.4 GeV)




Summary

+ Higgs Precision can be reaching at the level of EWP

+ With improved theoretical tools (e.g. expansion formalism), SM will be
tested at per mille level

+ SM Higgs vs. BSM Higgs can be tested @ FCC (and ILC) beyond the typical
direct search limit

# @ FCC-hh (100 TeV) can measure the ratio of Branching Fractions very
precisely, and potentially provide the most precise test of the SM (therefore
probing the BSM in higgs observables)

+ Lattice QCD may reduce the parametric uncertainties due to heavy quark

masses. Also recently a further study on low energy observables were done
(see arXiv:1501.02803v1 by Petrov, Porkoski, Wells, Zhang)



