Potential for Higgs Coupling

Measurements
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Status of Higgs studies

at the LHC

= Fantastic progress in last 3 years

@ Observation in three boson channels

@ Evidence for fermion couplings W

@ Precision mass measurements: 125.09 + X
0.24 GeV (ATLAS+CMS) .

@ Spin/parity determined =

@ Higgs total width from off-shell production

@ First results on differential cross sections

= New particle looks more and more like the
SM Higgs boson
@ No evidence for non-SM decays BR,,,
@ No evidence for additional Higgs bosons #
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Case for precision Higgs physics

= How large are potential deviations from BSM physics?

= How well do we need to measure Higgs couplings?

@ To be sensitive to a deviation 6, the measurement needs a precision
of at least /3, better 6/5

@ Implications of nhew physics scale on couplings from heavy states or
through mixing

U
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= Percent-level precision needed to test TeV scale

= There is no strict limit to the precision needed!
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Higgs prospects for the HL-LHC

CMS Projection for precision of Higgs coupling measurement are-c yS
L (fb~1) Koy KW K7 Ko Kp Ky Kr |
300 | [5,7] | [4,6] | [46] | [68] | [10,13] | [14,15] | [6,8]{] [41,41] | [23,23]
3000 | [25] | [25] | [24] | 1351 | [47] | [7,10] | [2,5] N10,12] | [8,8]

Coupling precision 2-10 %
factor 2-3 improvement from HL-LHC

CMS Projection
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Key question is t |

evolution systematic uncertainty
Snowmass Whitepaper for (MS - http://arxiv.org/abs/1307.7135

ATLAS Simulation Preliminary
\s =14 TeV: [Ldt=300 b ; [Ldt=3000 fb™
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Higgs prospects for the HL-LHC

ATLAS  Scenario Status | Deduced size of uncertainty to increase total uncertainty
2014 || by <10% for 300 fb~! by <10% for 3000 fb~!
ThCOI'y uncertainty (%) [10-12] Kyz /ng /lyz Kyz /lyZ /ng A7 ’{tg
g9 = H
PDF 8 2 - - 1.3 - - - -
incl. QCD scale (MHOU) 7 2 - - 1.1 - - - -
pr shape and 0) — 1) mig. || 10-20 - | 3.5-7 - - | 1.5-3 - - -
1) — 2j mig. 13-28 . . 6.5-14 - | 3.3-7 - - -
lj — VBF 2j mig. 18-58 - . - - - 6-19 - .
VBF 2j — VBF 3j mig. 12-38 - . . E . . 6-19 | -
VBF
PDF 3.3 - - - - - 2.8 - -
ttH
PDF 9 - - - - - - - 3
incl. QCD scale (MHOU) 8 - - - - - - - 2

Key question is the
evolution systematic uncertainty
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Higgs prospects for the HL-LHC

= Di-Higgs production: exciting prospects
of the HL-LHC :
20 ™ bbH(yy) - X .

@ Gluon fusion cross section is only 40.2fb = Z(bbH(yy) — mbbyy
INNLO] at 14 TeV . oners

® Vector boson fusion cross section is 2fb
= Most interesting final states

o5/ ATLASSimulation Preliminary -
1 \s=14 TeV, 3000 fo' -
™= H(bb)H(yy) ttH(yy)

Events/2.5 GeV
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@ bbyy [320 expected events in 3ab-1]

@ bbrr [9000 expected]

@ bbbb [40k expected (2k in VBF)]
® bbWW [30000 exp. events]

= Goal is to reach minimum sensitivity of
30 for SM production and with that to
BSM scenarios
| Process / Selection Stage | HH | ZH | ttH | bbH | yy+jets | y+jets | jets | t
OectSelecion & 1228 296 | 178 | 63 | 2891 | 1616 | 292 | 113

Kinematic Selection 146 | 146 | 33 | 20 128 96.9 20 | 20 . 1 1 [ [
Mass Windows |99 133 |15/ 08| 85 | 63 |11 ] 11 12345 6

CMS - central photon yield 6 Integrated Luminosity [10° fb™
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Higgs physics at the FCC

FCC-ee FCC-ee FCC-hh FCC-ep
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http://indico.cern.ch/event/282344/material/3

Higgs production: FCC-pp
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Higgs production: FCC-pp
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Higgs physics program: FCC-pp

= Rare SM and non-SM decays
® Ok, = 2% (extrapolated from LHC)

= Higgs self coupling (more from Minho Son)
= BSM (heavy) Higgs boson production (more from David Curtin)
= Cascade decays including Higgs bosons

= Differential cross section measurements

= ... and in general a continuation of the LHC/HL-LHC program
H:L—LHC HE—LHC VLHC § 80:‘— R ;IL. or*n.g;'msoo. lLC.'ﬂ’oV. CUCATeV
V35 (TeV) 14 33 100 8 ok
[ Ldt (fo—1) 3000 3000 3000 ;8’;23 | | o | o
o -BR(pp — HH — bbyy) (fb)  0.089 0.545 3.73 S 20f ‘
S/vVB 2.3 6.2 15.0 o 3 !
A (stat) 50% 20% 8% o) 1 \
arXiv:1310.8361 [ i i

¥ ILCs00, TLEPs00, HL-LHC'  'ILCaTeV, HE-LHC' 'CLIC3TeV, VHE-LHC'
05ad’ 11 3 fad’ 3 ab 28" 3 ab
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Higgs physics program: FCC-pp

= ... but also new measurements not possible at the LHC/HL-LHC

ttH / ttZ

= Theoretical uncertainties cancel mostly
@ PDF (CTEQ 6.6) +0.5%
@ Missing higher orders + 1.2%

= One can not conclude that one can measure the cross section ratio with
~2% (dAop = 1%) precision. More detailed studies are ongoing.

11



Higgs prospects for the HL-LHC

ATLAS Scenario Status || Deduced size of uncertainty to increase total uncertainty
2014 || by £10% for 300 fb~" by <10% for 3000 fb~"
ThCOI'y uncertainty (%) [10—-12] Kyz fng /lyZ Kyz /lyZ /lgz A7 /I,g
g9 — H
PDF 8 2 . - 1.3 - . - -
incl. QCD scale (MHOU) 7 2 - - 1.1 - - - -
pr shape and 0) — 1y mig. || 10-20 - | 3.5-7 . - | 1.5-3 - - -
1) — 2j mig. 13-28 - - 6.5-14 - | 3.3-7 - - -
lj — VBF 2j mig. 18-58 - . . - - 6-19 - -
VBF 2j — VBF 3j mig. 12-38 - . - E - - 6-19 | -
VBF
PDF 3.3 - - - - - 2.8 - -
ttH
PDF 9 . . - - - . - 3
incl. QCD scale (MHOU) 8 - - - - - - - 2

Key question is the
evolution systematic uncertainty
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Higgs Production: FCC-ep

_ Higgs in e p CC - LHeC | NC - LHeC || CC - FHeC

= FCC-ep can deliver PDFs for FCC-pp Polarisation - 08 038 038
] Luminosity [ab~!] 1 1 5
(Higgs) program Cross Section [fb] 196 25 850

_ _ _ _ _ Decay  BrFraction Nic NNc Néo

= Higgs studies in relatively clean environment | # b 057 113 100 13900 [ 2 450 000
H — ¢ 0.029 5 700 700 123 000

= Higgs precision k, measurement, < 1% il v 2 LR e
] ] _ H — 4l 0.00013 30 3 550

= |nvestigation potential of k. measurement H -2 0.0106 2 080 250 45 000
H — gq 0.086 16 850 2 050 365 000

I I H-WW 0215 42 100 5 150 915 000
USIHQ Charm tagglng H—-7ZZ 0.0264 5 200 600 110 000

: : . . H - 0.00228 450 60 10 000

= Details in Max Klein’s presentation HoZy 000154 200 1 6 500

Simulation of H> bb Measurement at the LHeC, 100fb!

- CCh-bb
EICCZ-j
I NC low Q° bbj
B CCjj
B cct
Clyptt

LHeC Higgs Group U.Klein et al.

. . 60 80 100 120 140 160 180 200
ep collider ep collider M,, [GeV]
.. @ ———————




Higgs Production: FCC-ep

= Study of di-H production possible in bbbb final state
= (O(15%) precision on di-H cross section in 10ab-"

o(ep=2>vHHX) [fb]
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FCC-ee
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Precision Higgs Couplings

= Recoil method unique to lepton collider
= Tag Higgs event independent of decay mode
= Provide precision measurement of o(ee—ZH)

e*e” — HZ with Z — e*e” or p*p”

CMS Simulation
% 1800—
f f O | = Signal TLEP-240
N 1600/
Ny | ¥ All backgrounds X 1 year, 1 detector
) ~ | — 2z KX
o — ". -
5 1400 |~ ww
VA u>J - | w—2vv,Zee,Wev
1200— I+1- %
. 4
— - ’
N\ 1000 ".,.’
= R3S
@ 800 ?&,""
? - ohete 0‘0‘52‘
- s
. —
S00¢ ) i
- ettt tatetet:
400 SRR
- 0.:.: 2: X _:M  J \
200 2SR R I g
m2 \/‘ F,)2 12 n e 3
. : — — — - — " o % - a— A’....‘ % X e, e 2 — ‘.."‘.‘.v“

60 70 80 90 100 110 120 130 140 150
Recoil Mass (GeV)

o
o
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Precision Higgs Couplings

= Measure o(ee—ZH) * BR (H—X) by

Z > llwithH->bb |

stat. uncertainties

17

i 500 CMS Simulation
identifying X S asaf = wara o, o ooy
= Total width from combination of o
measurements or fit :05::
= Hadronic and invisible Z decays f°°:
increase precision b
Modelomidependent fit sof e
Coupling | TLEP-240 TLEP T NI
gHuz77 0.16% | 0.15% (0.18%)
JHWW 0.85% | 0.19% (0.23%) o228 cms simutaton
gimy || 0.88% | 0.42% (0.52%) & sl =R
GHcc 1.0% | 0.71% (0.87%) 2300f |2
Heg 1.1% | 0.80% (0.98%) i ggof (e
9Hrr 0.94% | 0.54% (0.66%) 200
Ity 64% | 62% (7.6%) 150
Gty 17% | 15% (1.8%) 100
BRox, 0.48% | 0.45% (0.55%) ) o
% 60 80 100 120 140

Higgs mass (GeV)



Higgs Physics at the FCC-ee

= Precision Higgs coupling studies and total width
= Higgs self coupling through loop corrections

= 1st and 2nd fermion generation couplings

= Rare and exotic decays (e.g. DM decays)

TLEP 240

= Extra HIggS bosons Total Integrated Luminosity (ab™") 10
Number of Higgs bosons from e"e™ — HZ | 2,000,000

- Tensor structure Number of Higgs bosons from boson fusion 50,000
Unpolarized cross sections TLEP 240

‘g OHZ 0.4%
2 OHZ X BR(H — ])])) 0.2%
S ongz X BR(H — c¢) 1.2%
onz X BR(H — gg) 1.4%

opz X BR(H— WW) 0.9 %

ouz X BR(H— 77) 0.7 %

OHZ X BR(H — ZZ) 3.1%

opz X BR(H — ~v7) 3.0%

onz X BR(H — pp) 13%

stat. uncertainties



Higgs self-coupling through loop corrections

ol G

OZh =
6219 =100 (207 + 0.0145) %
arxiv:1312.3322
100frzmmmorsoey L
_ - — 520=04%, 53°=1%
= V\ery large datasets at high energy
allow extreme precision gz SOp e
measurements [ moitev \ \
_ g 0'  ILC1TeV-LU \\ \\
= |ndirect and model-dependent & ] M\
probe of Higgs self-coupling | \\ \
~50}"
= Note, the time axis is missing from | “
the plot _100 _
-15 =10 -05 00 05 10 15
19 07 | %)



http://arxiv.org/pdf/1312.3322v5.pdf

First generation couplings

= s-channel Higgs production
@ Unigue opportunity for measurement close to SM sensitivity
@ Highly challenging; o(ee—H) = 1.6fb; 7 Higgs decay channels studied

“ ,,x"' g 1: Convolution Breit-Wigner (I',=4.2 MeV)
j{ g 8 | with Gaussian beam spread X(MeV)
S, c ! \ SN S~ T T e s T T e e T )
2 o .g 1 : 3 ’. n n
< o G o8- B W . Preliminary Results |
" ’ 1 & ‘
§ ;‘t’: S S EOG- | k
% . o v 1w m(Gev] W % .
’ \ — -
2 . i L=10ab'
s’ %0.4 | ~
e e | ke<22at30
’,
- 0.2 S
10 .’ o S
,m“l ‘ It e et i ' ‘
“'10'3 10° mass (GeV) ‘ 0 s 0 s 20 25 a0 38 a0
Energy e beam spread (MeV)

= Work In progress
® How large are loop induced corrections”? How large are BSM effects”
® Do we need an energy scan to find the Higgs”?

® How much luminosity will be available for this measurement? By how much is the
luminosity reduced by monochromators?

@ Can polarization increase sensitivity?5q



Exclusive Higgs boson decays

= First and second generation
couplings accessible

@ otudy of py channel most
promising; expect ~50 evts.

@ Sensitivity to u/d quark Yukawa
coupling

® Sensitivity due to interference

BRhopy Ky [(1.9 £ 0.15)K, — 0.24R,, — 0.12R]

= 107°
BR; i 0.57R? 2

= Also interesting to FCC-hh program

= Alternative H—-MV decays should
be studied (V=vy, W, and 2)

21



CP Measurements

for HVV couplings

= CP violation can be studied by 1T | —
searching for CP-odd contributions; ol ; .
CP-even already established |
10°F -
L4 SnmeaSS nggS paper http://arxiv.org/abs/ o | * A
100 R

1310.8361 § " A

= Higgs to Tau decays of interest

10*F j | 4 g

' 5
: : : 5| |
= More detailed presentation by Felix Yu 7}
http://arxiv.org/abs/1308.1094 sl , 1 i , |
10 P 14 7y PP 14 7 0 25 #0359 % 500 % 17,
[ 000/;,2"'?5020”35015, % 509 5, /%0 1,

Lhyj o hf(COS A +iyssinA) f

Colliders LHC HL-LHC FCCee (1 ab™ ') FCCee (5 ab™!) FCCee (10 ab™!)

Accuracy(lo) 25° 8.0° 5.5° 2.5° it
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http://arxiv.org/abs/1310.8361
http://arxiv.org/abs/1308.1094

Rare and Exotics Higgs Bosons

= 2 000,000 ZH events allow for detailed studies of rare and
exotic decays

@ requires hadronic and invisible Z decays
® set requirements for FCC-ee detector
= Coupling measurements have sensitivity to BSM decays
= Dedicated studies using specific final states improve sensitivity

= Example: Higgs to invisible, flavor violating Higgs, and many
more

= Potential at the LHC (and HL-LHC) currently not fully explored

= Modes with of limited LHC sensitivity are of particular
importance to FCC-ee program

@ currently under study

= FCC-ee might allow precision measurement of exotic Higgs
decays

= Detailed discussion of exotic Higgs decays at Phys. Rev. D 90,
075004 (2014) More from David Curtin
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http://www.apple.com

Conclusion

= Exploration of Higgs Physics at the LHC on its way
® So far all results SM-like
= HL-LHC will set a high bar for Higgs precision measurements
@ Large discovery potential
= FCC Higgs program opens new windows
@ Complementarity of FCC-ee, ep, and pp
= Need significant theoretical improvements to exploit full potential
= Substantial program of work ahead in FCC study
® Novel ideas appeared in recent workshops

@ Many opportunities to contribute
24



s-channel Higgs production: D.d’Enterria, R.Aleksan, G.Wojcik

FCC-ep: M.Klein

CMS: Snowmass report, ECFA report

ATLAS: ATL-CONF-15-007, ATL-PHYS-PUB-2014-016, 019

TLEP/FCC-ee: TLEP Case Study

CP measurement: http://arxiv.org/abs/1308.1094, Felix Xu's meeting in the meeting

Implications of new physics scales: http://arxiv.org/abs/1403.7191

Luminosity needs for FCC-hh: M.Mangano

Exclusive Higgs decays: Y. Soreq
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http://arxiv.org/abs/1308.1094
http://arxiv.org/abs/1403.7191

