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The Higgs After Run 1

production decay
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punchline: agrees with SM predictions at ~10s% precision
ATLAS and CMS, 1606.02266



Precision Higgs Program

Future colliders can carry out a
porecision Higgs program (~0.1-1%)

What will we learn?



Plan

. Collider Comparison
[l. Effective Field Theory

IIl.  Beyond the Standard Model



|. Collider Comparison
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HL-LHC

(Andreas’ talk)

signal strengths
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WW* \5] 11 -
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bb - ? 10 ? ?
VV: ~3-5%

rare decays: ~10-20%



Linear Colliders

iInvisible: 0.6%

bb: 1%

s =

350 GeV:

(Philipp’s talk)

ILC

P(e”) = +80%, P(e*) = -30%, L = 250 fb""'

+80% e, -30% eT polarization: (total projected lumi. is 2/ab)
250 GeV 350 GeV 500 GeV

Zh vvh Zh vvh Zh vvh
o 2.0 1.8 4.2
h — tnvis. 0.61 153 2.4
h— b 5 R EE R T S YRR T
h — cc 8.3 11 79 18 36
P o 7.0 8.4 32 15 24
h—WW 4.6 5.6 24 T 14
h— 77 3.2 4.0 66 6.1 40
h—ZZ 18 25 81 35 48
pe 34 39 el AR
h — pup 72 87 670 120 420

CLIC

Vs =1.4 & 3 TeV:

Statistical precision

Statistical precision

Channel Measurement Observable 350GeV
500fb~"
ZH Recoil mass distribution my 110 MeV
ZH o(ZH) x BR(H — invisible) I},
ZH 6(ZH) % BR(Z —1717) Siln 3.8%
ZH 6(ZH) x BR(Z — qq) e 1.8%
ZH G(ZH) x BR(H — bb) ghzz8ion /T
ZH o(ZH) x BR(H — ¢ct) O ) 14 %
ZH 0(ZH) xBR(H — gg) 6.1%
ZH o(ZH) x BRH —1717) e I 6.2%
ZH 6(ZH) x BR(H — WW™) oH e T 5.1%
Hv.V,  o(Hv.V,.)x BR(H — bb) FLAESCH 1.9%
Hve_e G(Hve\_}e) XBR(H _>CC) gIZrIWWgIz{cc/FH 26%
Hv,Vv, o(Hv.v,) X BR(H — gg) 10%

ttH: 7%

di-Higgs: 18%

Channel Measurement Observable 1.4TeV 3TeV
I5h=: 30
Hv.v, H — bb mass distribution my 47MeV  36MeV
ZH o(ZH) x BR(H — bb) i I 33%  5.6%
Hv,V,  o(Hv,V,)xBR(H — bb) ghwwsins /I~ 0.4% 0.3%
Hv,v.  o&(Hv,V,) x BR(H — ct) ghwwsiee/ Ty 6.1% 5.6%
Hv, V., o(Hv.v.) x BR(H — gg) 5.0% 3.5%
Hvy | GlHvy ) <BRIH t't] cwwer il | 140% 3.6%
Hv,v, o(Hv.V.)xBRH -k 0} shwwein./In = 38% 20%
Hv.V, o(Hv.v.) x BR(H — vy) 15% 8%"
Hv,V, o(Hv.v.) x BR(H — Zy) 42% 24.%"
Hv,V o(Hv,v,) x BRH - WW")  girww /i 1.0% (0.6%"
Hv,V o(Hv.¥,) x BR(H — ZZ") e S a RS e R T T
He'e Gillciics) CBRIEH bbby oo o T 1.8% 1.9%*
T ] 2 9)
ttH o(ttH) x BR(H — bb) Shu&hvb/Th =
HHv.V, o(HHvV,) A 54% 24 %
HHv,.v with —80% e polarisation A 40 % ( 18 % !




I:( : ( : FCC-ee (Patrick’s talk)
Vs (L) 240 GeV (5 ab™) 365 GeV (1.5 ab™)
BR x 0 (%) HZ vvH HZ vvH
OZH - 05% < H—any |05 > 0.9
| H—bb 0.3 3.1 0.5 0.9
H—cc 2.2 6.5 10
H—gg 1.9 3.5 4.5
H—WW 1.3 2.6 3.0
H—ZZ 4.4 12 10
H—1rt 0.9 1.8 8
H—yy 9.0 22
H—=pu 19 40
invisible: 0.3% A —inv. | <o3 <06
FCC-hh (Michelangelo’s talk)
Observable Parameter | Precision (stat) | Precision (stat+syst)
,u = J(H) X B(H — up) op/ 0.5% 0.9%
o(H) x B(H — vy) op/ 0.1% 1%
,u =o(H) x B(H — 4u) op/ 0.2% 1.6%
p=o(ttH) x B(H — bb) ) op/ 1% tbd
uw=o(HH) x B(H —vy)B(H = bb) | )/ 3.5% HH: 5%
R=B(H — pp)/B(H — 4u) R/R 0.6% 1.3%
R = B(H — ~v)/B(H — 2e2u) dR/R 0.17% 0.8%
R=B(H — vy)/B(H — 2u) R/R 0.6% 1.4%
B(H — invisible) B@95%CL 1x 107" 2.5 x 10_32 invisible: few x 10
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hh/ee Synergy from Rare Channel Ratios

& BR(H— pp)/BR(H—4p) (%)

B(H — pp)/B(H — 4p)

fs =100 TeV, L =30.0 ab™' RECO: Delphes-3.4.2

B(H — vv)/B(H — 2e2u)

fs = 100 TeV, L = 30.0 ab™ RECO: Delphes-3.4.2

| — sltat + syst (2!) | 8 10 b | — s]tat+ syst (2!) :
| stat + syst (1) ;lq? stat + syst (1) 3
10 3 —— stat. only E 3 - —— stat. only .
B 7 T —— I
T | E:E“ 1 E =
m C -
1 E . = : ]
- ] :T: - |
] g 107! & _g
10_1 3 | | _5 N | | i
200 400 200 400
p? (min) [GeV] p? (min) [GeV]
M. Selvaggi, 2nd FCC Physics Workshop
FCC-hh
Observable Parameter | Precision (stat) | Precision (stat+syst)
R = B(H — pu)/B(H — 4u) ‘R/R 0.6% 1.3%
R = B(H — vvy)/B(H — 2e2u) R/R 0.17% 0.8%
_|_

FCC-ee/ CEPC:

OZH (05%)
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Collider Comparison Punchlines

*paseline ete™ (FCC-ee, ILC250, CLIC350) perform
percent-level measurements of “core” Higgs processes

e -CC-hh and CLIC1.4-3 open up kinematically
imited processes (HH, tth)

e FCC-hh precisely measures rare decays (using ratios
and combination with ete™) and invisible decays
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BR(h—-EXxotics)

Exotic HIggs Decays

h — 2 (L+3) h—2—=4

h—2—3—4 h—2—

new light particles

95% C.L. upper limit on selected Higgs Exotic Decay BR

‘m HL-LHC
0~ m CEPC |
m ILC(H20)
1072 m FCC-ee )
N 1
N I 1 I ] 1 l I ] I l I l 1 1 )
107°

Me, (bb)*MEr (/])+MEr (z D4, bb+MET Mg, T (bb)(bb) C)icey Wy  B)rgy (1(zyy iy (¥ 207

Liu, Wang, Zhang, 1612.09284
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. Effective Field Theory

energy



energy

oM EFT

UV: unknown BSM

IR: SM EF]

new operators

l (d; > 4)
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£SM ™ Z Ci Adii—ll
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Standard Model
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\

unknown coefficients
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oM EFT

. . | (LH)? v?
e dim 5: Majorana neutrino mass m, = —

A

e dim 6: 2499 baryon number conserving operators
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EFT Fit from Higgs Measurements

Jorge de Blas prepared a global EFT fit using the
projections presented in today's talks

eincluded: - LEP electroweak
- future Higgs coupling measurements

a) HL-LHC alone
b) HL-LHC combined with future colliders

- Higgs kinematic fits
e Not Included: - theoretical uncertainties
- future electroweak precision

warning:. this was done quickly, so results are preliminary

Jorge de Blas,
see also: “‘Global fits to EW and Higgs observables at the FCC,”
FCC Week 2018, April 11, 2018.
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Operators Included in This Fit

“Warsaw Basis,” Grzadkowski, |
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skrzynski, Misiak, Rosiek, 1008.4884
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A\lel |, [TeV]

Globa\ EFT Flt

Jorge de Blas
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Higgs-gauge couplings

O

- —

17

10°

10

T Higgs self-coupling

Higgs-fermion couplings

*important information is also contained in the correlations



Globa\ EFT Flt

Jorge de Blas
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*important information is also contained in the correlations
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In a Global Fit, Correlations Matter!
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Global EFT Fit - Partial Width Constraints

1

1
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EFT
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Global EFT Fit - Partial Width Constraints

EFT
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[Il. Beyond the Standard Model

LA




[Il. Beyond the Standard Model
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Electroweak Phase Transition

Was the electroweak phase [ —— """

transition first order? \/ 0

Morrissey, Ramsey-Musolf, 1206.2942

1. baryon number violation

Sakharov’s Conditions: 2. C and CP violation
3. departure from equilibrium

SM: not first order, no electroweak baryogenesis
BSM: can be first order but predicts Higgs deviations

21



22

Real Scalar Singlet Model

1 2 s As
L= Lo+ 5(9,5) (9"8) — t,5 — 26° — 6% — 225" — 3,21 05” — 20,0 ®5
1F )
| : Y TR current
N ! @
%§0'1OOEHL—LHC -.
@) [
N - strongly first order
E 0 01 O 3 S DX A L
S Es CLIC350
I gt CLIC3 CEPC / ILC-500
— . FCC-ee
N 0.001} :
D 5 5
— o h / CLIC3 Higgs couplings: 1o
1 0—4 ! S Sl\i . S dashed = SppC / FCC-hh / ILC-1000
0.5 1°0 1.5 2.0 2.5

hhh coupling: Az/A3sm
Huang, Long, Wang, 1608.06619
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Naturalness Predicts Light Top Partners

ex) stops in supersymmetry

2
tuning ~ 0.1 ( 700 GeV >

L

10%
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Status: Dec 2017
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Light Top Partners Predict Higgs Deviations

Oy = (¢T¢) B,.,B"
Opw = (¢Te) Wi Wer



Higgs Probes Stops
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HIggs Probes Top Partners

| 20

Current limitI
pin—1

Current exp.

Kryg 7 1

sensitivity

LHC Run 3

LHC Run 4

CEPC

ILC
500

FCC-ee/hh

CLIC? e N\
500 1000 1500 500 1000 1500 1500 3000 4500
m- [GeV] mr [GeV] ms [GeV]

Essig, Meade, Ramani, Zhong, 1707.03399
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Dark Matter at the Higgs Pole

mp
m N ——
DM 5
in the early Universe: at the LHC:
DM DM
....... h f==mnn--
DM DM

de Simone, Giudice, Strumia, 1402.6287



BR into Dark Matter particles

10°1

1072
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107>
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Dark Matter at the Higgs Pole

Invisible BR suggested by DM thermal relic abundance

Experimental bounds

AN

N

AN

Z - DM DM h - DM DM

N\

55
DM mass in GeV

de Simone, Giudice, Strumia, 1402.6287

HL-LHC

CLIC350
FCC-ee/ILC

FCC-hh

(95% C.L.)
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Conclusions

EFT Electroweak Phase Transition
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Invisible BR suggested by DM thermal relic abundance
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