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The Higgs potential

After spontaneous symmetry breaking:

A
Ahin? + n + Mhon®

mh_2)\h2 \h‘ " \ h

s A

h h

The strength of the triple and quartic couplings is fully fixed by the
Im($) potential shape.

1) it is the last missing ingredient of the SM, like the
Higgs boson was the last missing particle, we need to
prove that things really behave like we expect;

Why S it relevant? 2) It has implications on the stability of the Vacuum;

3) It could make the Higgs boson a good inflation field
(see backup)
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hh production and decay

Standard Model NNLO with full top mass *NLO m; —eo
g

g mn = 125.09 GeV o(fb) scale unc. (%) PDF unc. (%)

ds UncC.

SRS t,b A Ol s - 7 Tev 771 +4.0/-57 =34 +2.8

£ . t,b -%_.(/h VCECRCAMN 11.17  +4.1/-57  +3.1 + 2.6

b N EERRERGAN 3791 +4.3/-6.0 + 2.1 + 2.3

A 9 triangle VEEREREAS 4500  +4.4-6.0 + 2.1 +2.2
box VEERERAR 206.6 +15.1-125 +5.8/-5.0

Higgs decay branching fraction ~ MAR=BILMCAM 1748 +5.1/-65 =17 + 2.0

ab = 1800
WWbb :';:
+1bb < 1350
WWWW L
ZZbb 5 900
yybb
YWW 450
| | | | 0
0 0.1 0.2 0.3 0.4 0 25 50 75 100

Highest possible energy pays Vs [TeV]
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Current status @LHC “

Vs [TeV] L (fb1) o(fb)

ATLAS: 4b, bbrT, bbyy, WWyy WWWW < 470

ATLAS: 4b 13 13.3 < 1000 @

CMS: 4b 13 232  <11760 <310
ATLAS: WWyy 13 13.3 < 12900 < 340
ATLAS: bbyy 13 3.2 < 5400 <142

CMS: bbrt 13 39.5 < 950 @

CMS: WWhbb 13 36 < 3270 <

Present best channel 4b,

Exp. sign MAsm 95% C.L. exp o/osm situation will change with higher

statistics when syst. dominated
channels will saturate their sensitivity.

HL-LHC Vs = 14 TeV,
L = 3000 fb-

ATLAS: bbyy [-0.8, 7.7] < 1.7 [recalc.]

CMS: bbyy 160 <13 HLLHC d o .
- oesn’'t seem able to provide
ATLAS: 4b ? [0.2, 7.0]stat, [-3.5, 11] < 1.5¢tar., 5.2 a useful constraint on A,

CMS: 4b 0.67 < 2.9stat, 1 it could probably provide an
ATLAS: bber 066G -4, 12] <473 observation of the whole process.

CHIS:bbte 0.39 <3 Jstat, 9.2 But advanced analysis techniques are
CMS: VVbb 0.45 < 4.6stat., 4.9 on going... (more this summer)
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FCC studies

e Main references

e Physics at a 100 TeV pp collider [arXiv:1606.09408]

e st FCC-hh Physics Workshop - 16-20 January 2017 CERN

e FCC-hh physics analysis meetings

e studies performed with different level of details, in particular trigger eft. simulatio
pile-up studies need to be implemented in many of them, but first bulk of phys.
potentiality ready.

Physics at a 100 TeV pp collider: Higgs and EW symmetry breaking
studies

Editors:

R. ContinoY2, D. Curtin®, A. Katz1’4, M. L. Manganol, G. Panico®, M. J. Ramsey-Musob‘ﬁ’?,

G. Zanderighi' , : )
Contributors: ((Ec)) 1st FCC Physics Workshop
C. Anastasiou®, W. Astill®, J. K. Behr'9L W. Bizon®, P.S. Bhupal Dev'2, D. Bortoletto'?, Sk

0.-H. Cao*3141%  F Caolat, J. Chakraborttyw, C.-Y. Chen'™1819 5 I Chen'®?0, F Dulat®,

G. Bambhaniya21, D. Buttazzo?? D. de Florian®3, C. Englert24, J. A. Frost'°, B. Fuks®®, 16-20 January 2017

T Gherghetta%, G. Giudicel, J. Gluza®", N. Greiner®, H. Grayzg, N. P. Hartland*®, C. Issever'®, CERN

T. Jeliriski®", A. Karlberg®, J. H. Kim,>*3132 F. Kling3, A. LazopoulosS, S. J. Lee**35, Y. Liu'3, -

G. Luisonit, J. Mazzitelli*33%, B. Mistlbergerl, P. Monni®, K. Nikolopoulos37, R.N Mohapatra3,

A. Papaefstathioul, M. Perelstein®®, F. Petriello®®, T. Plehn®®, P. Reimitz*0, J. Ren*!, J. Rojolo,

K. Sakurai*?, T. Schell®®, F. Sala*3, M. Selvaggi44, H.-S. Shao', M. Son®°, M. Spannowsky42, T.

Srivastava'®, S.-F Su®3, R. Szafr0n45, T Tair*S, A. Tesi*", A. Thamm™8, P. Torrielli*,

F. Tramontano®®, J. Winter®!, A. Wulzer>?, 0.-S. Yan®3:°455 W. M. Yao®S, Y.-C. Zhang57, X. Zhao®?,

Z. Zhao°3°8, Y.-M. Zhong59
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Pile-up and det. simulation 6

pile-up configuration used in this Simulation of the 5 ns low and high luminosity

presentation (when used), simulated with . ) .
Delphes using CMS HL-LHC cards phase and of the 25 ns high luminosity phase

Jet pile-up subtraction through Jet Area Calorimetry
correction :
| ECAL granularity: HCAL granularity:
« WWbb 50, 200, 900 vertices 0.0125x 0.0125 |n| <2.5  0.05x0.05 |n| < 2.5
Base-line geometry 0.025x 0.025 2.5 < |n| <4.00.1x0.1 2.5 < |n| < 4.0
Twin solenoid + -0.05x0.05 4.0<|n| <6.00.2x0.24.0< |n| <6.0
Dipole magnetic system . ECAL Energy Resolution: HCAL Energy Resolution:
o(E))E=10%/VE® 1%  o(E)/E = 50%/VE®3 % |n| < 4.0
—_ma|n| <6.0 o(E)/E = 100%/VE®5% |n|< 6.0
Tracking
 77bb Efficiency c-quark jets:
4% |n| < 2.5
S=anAEAE 3% 2.5< |n| <4.0
Tracker T Detector simulation with Efficiency light-quark jets:
EMCAL Dipole . 0.1 % |n| < 2.5
HCAL Delphes or simple 0.075 % 2.5 4.0
;°"+°ry‘:5ta‘ smearing of truth level ' 0 25<n] <4
uon system .
objects
J Efficiency b-quark jets:
75% WWbb 85 % ZZbb |n| < 2.5
64% 2.5 < |n| <4.0
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hh—bbyy

Se | eCtl on Process Acceptance cuts [fb] | Final selection [fb] | Events (L = 30 ab™1)
h(bb)h () (SM) 0.73 0.40 12061
1. 2y, 2 b-jet |n| < 4.5, prsub > 35, prlead > 60 GeV bbj~y 132 0.467 13996
2. my-mnp| < 2.0, 100 < mpp < 150 GeV j)"W 30.1 0.164 4909
3. pttP, ptvv > 100 GeV, ARpo, AR,y < 3.5 tth(y7) 1.85 0.163 4883
. . L bbyy 47.6 0.098 2047

Simulation 61 magnetic field b 0.008 -6 % 10-3 097
Signal LO samples, Pythiaé showering, no bin 5.1 5.2 x 1077 155
p”e_up simulation Total background 212 1.30 27118

-1 - :
SNB 23 [3ab'] 73 [30 ab] Ac/o = 1.6% [30 ab-1] AMA = 6% [2.5% sig. syst.]
Process Fvents Shape analysis m;, M,

Updates: hh—blov 12300 i Hltlip
4T magnetic field ooy 16700 ' .
Pythia8 showering iy 14272 i . 2

tth(yy) 14213 ' =
byy 7078 jl

ojyy 1873

Ao/o = 2.1% [30 ab ] Ao/o = 1.6%
. Total bkg. 66436 .
AN\ = 7% [2.5% sig. syst.] o gx Totand ANN = 4.2% [0% sig. syst.]
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hh—bbbb

Main background: multi-jet 4b
Strategy: truth level study, resolved + boosted ‘
analysis (Neural Network used as signal -
discriminator) ) \ |
1. R0.4 jets pr > 40 GeV, |n| < 2.5
2. R1.0jets pr > 200 GeV, |n| < 2.0 Resolved Boosted
3. R0.3jets ghostass.toR 1.0 pr>50n| < 2.5
10 ab-’ FCC100, £=10 ab™*
Category N, signal | N, back | S/v/B | S/B . — .
Boosted | Yeut =0 5.100 | 8107 | 6 |6-10°" 20p| == Resolved
Yo = 0.99 | 210 1-10° 22 |2.102 || Intermediate
Intermediate | 7" ~ 0 3-10° 1-10° 3 3-107" (e
Yeut = 0.98 | 2.10% 210 10 | 7-1073 \
Resolved | Yeut =0 1-10° 8- 10° 4 1-1074
Yeut = 0.95 | 6107 2107 15 | 4-1073
OsysT = 25% bsys0 = 100% @
Boosted Az € [-0.1,2.2] | A3 € [-1.5,> 9]

Intermediate | A3 € [0.7,1.6] | A3 € [-04,> 9] o s, 08
Resolved Az € ]0.9,1.5] Az € [—0.1,7]

25% on o with S/B ~4-10-3
Sensitivity to A from unboosted objects, A diagram AB/B ~ 103 (very challenging)

contributes mainly at low mnn
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Multi-lepton modes

hh = (0)(ZZ7) — (Bb)(4€), hh — (Bb)(WW*)/(r77) — (BB)(£707), hh — (bb) () and il — (bb)(Z7) = (BB)(£0—7)

° Typ|Ca||y |OW y|e|d channel 0(100 TeV) (fb) N30 ab—1 (ideal) N30 ab—1 (LHC)
and low background ~_hh — (®b)(¢F e ) 0.26 130 41
thanks to the multi- tth — (€7 bue) (¢ by ) (20) 193.6 304 109
|epton final state; ttZ — (b)) (0 bug)(20) 256.7 66 25
Zh — (bb)(40) 2.29 O(1) O(1)
e Exception for WWbb ~ ZZZ — (46)(bb) 0.53 O(1) O(1)
— |Ibb (high top bbh — bb(4¢)  (prp > 15 GeV) 0.26 O(10) O(1)
background) Z7Zh — (4€)<b5) 0.12 0(10_2) 0(10_2)
30 ab-1
channel o(100 TeV) (fb) Ny, ,,-1(ideal) Ny, -1 (LHC)
hh — (b0)(WHTW ) — (00) (¢ T vpt i) 27.16 209 199 Channel  SH/(S+B)  S/B
h_h — (bl_?) (’7——1_7'_2 — (b[_)) (€/+Vg/DT€_E£V7—) 1463 385 243 4| 58 035
tt — ({Tbuy) (£~ biy)  (cuts as in Eq. 49) 25.08 x 103 3431232 1581323
bbZ — bb({107)  (pry > 30 GeV) 107.36 x 10° 25801 220° 494013350 2 9.4 0.17
Z7Z — bb(4t0) 356.0 O(1) O(1)
hZ — bb((T¢7) 99.79 498 404 bbuu, bblly have a
bbh — bb({T¢7)  (prp > 30 GeV) 26.81 O(10) O(10) negligible contrinution
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Object in pile-up environment [WWbb analysis]

<4 Particle Flow Reconstruction

* Using charged hadrons, muons, electrons and calorimeter towers to . 0.2r
build particle-flow objects “0.18F
e Tracks from pile-up are rejected if | Zo — Zpv| > \/02(Zo) + 02(Zpv) 0.16[-
+ Jets 0.14F
e Anti-Kt (Fast Jet) algorithm 012
« particle-flow objects as inputs 0.1
+ R=04 0.08
* Jet Area pile-up correction: i corrected - g'gig_
» private calibration to particle level P =pr" — p-JetArea E
. 0.02
e pret > 20 GeV =
4+ Missing Transverse Energy
» Anti-Kt (Fast Jet) algorithm
e negative vector sum of Jets, after pile-up correction and calibration
50.09FE N I L I s R - ' ! ! ! @©
o  F Delphes Simulation 3 “0.16F Delphes Simull 0.35
008;_ 5=100 TeV = 0 142_ ¥s=100 TeV e
0 07:_ aMC@NLO + Herwig++ (with FF) E L aMC@NLO + Herwig++ (with FF) 3 0.3
) = HH— WW.,bb - 012__ HH— WW,bb ]
0.06F = 0.1 4.0<In|<6.0, p_>20 GeV 1 025
0.05F = F — Pile-up = 50 =
0.0 45_ — Pile-up = 50 E 0.08F —Pilz-uz =200 = 0.2
E s 1 0.06F — Pile-up = 900 4 0.15
0.03F lle-up = 900 — C .
0‘022_ E 0 02:_ }I=|:|_ _: -
0.01F = ‘ oF 1 0.05
C i R HN R R R H M R A d C ol e by oy e b e e oy e by ey 1T
%05 1 15 2 25 3 o 05 1 15 2 25 3 0
pjTet_.reca J JTet_.true pJ:t,rem ;pJT s

—Pile-up = 50
—Pile-up = 200
—Pile-up = 900

-—|—|II|IIII|IIII|II

Delphes Simulation

Vs=100 TeVv

aMC@NLO + Herwig++ (withFF)
HH— WW.,bb

RMS [GeV]
— 57.15
— 79.70
— 152.96

900 300 2

— Pile-up = 50
— Pile-up = 200
— Pile-up = 900

00 -100 O 100 200 300 400

IIII|IIII|IIII|IIII|IIII|IIII|IIII|III[

miss miss true
E -E, .,

xy ~Exy [GeV]

Delphes Simulation

{s=100 TeV

aMC@NLO + Herwig++ (with FF)
HH— WW,bb

n<2.5, p,>20 GeV

RMS [GeV]
— 005
— 0.10
— 0.5

1 1 1 ! L | ]
0 0.2 0.4
njet,reco _ TIjeﬂ:,trua
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WWbb—-Ivqqbb MVA analysis |

1

Input variables

AR;;, ARy, ARww,

bb =~WW
mij, P sPT >

Pre-training cuts:

WW
\ mTW » TNbb
mMiss
T 7, INWW

pW W pbP > 150, 80 < myy, < 180 GeV

ARy, < 2.0

TMVA overtraining check for classifier: BDTG

—_
ey

m Background (test sample)

B Soner destsambiey T

e Signal (trainihg sample) '

* Background (training sample)

—y
N

(1/N) dN/ dx

0.8

0.6

0.4

0.2

._Kolmogorov-Smlmov test: signal (background) probability = 0.533 (0,001)

lllllllllllllllllll"

0.2

0.4
BDTG response

06 08

Input variable  arbd

(1/N) dN/0.268 unitiess

WO-flow (S,B): (0.0, 0.0)% /(0.0, 0.0)%

A
o

<

(1/N) ON /0262 urtiess

WO-tlow ($.5): (0.0, 8.00% /(0.0, 0.00%

asadassall

VOSow (58) 0.0, 0.01%/ 9.8, 00

" | Lasaal 4 L

s

N N RN TR PN . e

A

4.5

4

1 1 i i
2 B 6 8

drbb [unitless)

10 2 K 6 8

—— Signal Efficiency
—+— Background Rejection

S: 256 Bkg: 391

—4—— S/sqrt(B) ,.:::ﬁ:::':’“o,o
—— S/sqrt(B+S) "“mm:-. -,
— 4 10"S/(B+S) kit "ot
““gf"' -__“‘
M m“g»gﬁ' . °
M ‘o
FCC-hh 100 TeV 3 ab-! :

Delphes Simulation PU 50

Di-Higgs studies

d_orww [unnle;:]
stat. sign. 4.10 with S/B 0.06, 130 @30 ab-!

very preliminary

6
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VBF hh production

SM
P Cy = Cyy = C3 =1

~ C2V

0/os =1+ad+bd?)

5. = 1 dashed : before cuts 14 TeV 100 TeV
i — G — solid : after cuts pr, (GeV) > 25 40
Acceptance cuts P (G{Tr}| i ji ;E
. . . . Nl = 1.9 5
VBF jets at high n go in the very forward region, 50% ml< 25 50
event loss with iy acceptance of 4 instead of 5 gl > 50 0
VBF cuts mj; (GeV) = 700 1000
Not strong sensitivity to SM hh production, but adds Central jet veto: py, (GeV) < 45 65
information on New Physics operators man (GeV) > 500 1000

68% probability interval on d,,, 95% probability upper limit on
1 X opg 3 X Opkg 1 X opkg 3 X Ohkg
LHCy4 | [—0.37,0.45] [—0.43,0.48 LHCy4 109 210
HL-LHC | [-0.15,0.19] —0.18,0.20 HL-LHC 19 108
FCChag 10,0.01] (—0.01,0.01 FCCrqg 12 23
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Conclusion

H SAB M S/B (%)
80 e yybb looks to be the golden channel,

¢ need to reach maximal accuracy in this channel
simulation, implementing pile-up simulation and
more accurate fake estimate;

e detector design should be driven by minimisation ¢
systematics on it;

e more work needed on WWbb to fully exploit its
potentiality;

e highly boosted topologies are less useful for A
yy bb bb bb 41 bb WWbb. 21  WWbb. 1I measurement, sensitivity to A from low mnn region
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Conclusion

H SAB M S/B (%)
80 e yybb looks to be the golden channel,

e need to reach maximal accuracy in this channel
simulation, implementing pile-up simulation and
more accurate fake estimate;

e detector design should be driven by minimisation ¢
systematics on it;

e more work needed on WWbb to fully exploit its
potentiality;

e highly boosted topologies are less useful for A
vy bb bb bb 41 bb WWbb, 2l WWbb, 1I measurement, sensitivity to A from low mnn region

FCC-hh looks to have a strong physics case
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HIgQs quartic

, h . | h . ; . . . h
h . 2y N . ------------ L “ __________ h
g P (0076016/0]06) G B——— hooog hoY
h
o _ observable selection cut
35 Logp-lnducled TrlpIIeInggsl producFlon
E i 010=0.0528\2 —0.47), +3.82 pT’b{1,2,3,4} > {807 50’ 40’ 40} GeV
l : |75 < 3.0
| oosed e [100,160] GeV
: close,2 € [90,170] GeV
2l | lose, 1
; ARy € [0.2,1.6]
gl I AR;})OS@’2 no cut
10f ! PTry(1 0 > {70, 40} GeV
5 | \?77] < 3.5
A | | AR, € 0.2,4.0]
-20 -15 -10 -5 5 10 15 20
N Mgy € [124,126] GeV
Signal | bbjjvy Hitt S/B S/vVB
preselection 50 |23 x10° | 22x10%|25%x1074| 0.14
XH.min < 6.1 26 | 4.6 x10* | 9.9 x 103 | 5.0 x 107 | 0.14 30 ab-1: -4 < )\‘4 < 16
mhe¢ — 126 GeV| < 5.1GeV | 20 | 1.7x10* | 7.0 x 103 | 8.1 x 107% | 0.15

B. Di Micco
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Higgs boson as inflaton

Gravitational action coupled to the SM sector

| 1 |
S — / {§M§IR 1 L} d*z\/—qg = / {§M§1R — §8ﬂh6“h + V' (h) + } d*z\/—g

Inflation model The Higgs potential could have such

e need a scalar field (h is a scalar field) V(h) role if properly shaped
A

* need a well shaped potential, with a slow-roll condition
Inflatiowry epoch

1. :
V() >> 56— 1? = TV (g) & const.__, alt) = e (H0 =)

universe radius, exponentially expanding during inflation
In order to make this to work

h >> hg V(h) ~ Mt A~ 10713
V(ho)

Intringuing, A nearly vanishes for high h value with the >
present value of top and Higgs mass. o

need to be flat
to fit slow-roll condition

Understanding the Higgs potential is the last missing piece of the SM,
and it could have fundamental cosmological implications.
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Rank : Variable Variable Importance
1 : drll : 1.387e-01
2 : drbb : 1.342e-01
3 : d drww : 1.256e-01
4 : wwmt : 9.601e-02
5 : bbmass : 7.286e-02
6 : whadmass : 6.982e-02
7 : bbpt : 6.592e-02
8 : npt : 6.471e-02
9 : wlepmt : 6.026e-02

10 : wwpt : 4.913e-02
11 : bjetptl : 4.754e-02
12 : wwmass : 4.454e-02
13 : bjetpt2 : 3.076e-02



The hh— ZZbb— 4Ibb channel

18

> 4 muons with pr>5GeV, |n| <4.0
> 4 electrons with py > 7 GeV, |n| < 4.0
Z, selection: ¢ ¢ pair with mass closest to the

nominal Z boson mass
40 GeV < my < 120 GeV

Z, selection: second £ £ pair

Events/0.5 GeV

Events/1 GeV

12 GeV < my, < 120 GeV

E

Among the 4 selected leptons: at least one with
pr>20 GeV and one with pr>10 GeV

QCD suppression: m(£ £) > 4 GeV
Kinematic cuts: m,, > 120 GeV, m,, < 130 GeV
At least 2 b-jets with p; > 30 GeV 0

Events/0.5 GeV

©
S
III|III|III|III|III|III|III|III|

AMC@NLO + Herwig++
HH — bb +4u

Events/1 GeV

o
-
o

L =3ab !
oL no b-jet . : €
Br(hh—ZZbb—4ibb  req. with b-jet . b-jet)
4u 161 61 12.1 38%
4e 161 40 [/ 25%
Tot 322 101 20 31%

( b-jet)

[.4%
4.8%
6.2%

130 135 140
M, [GeV] M,, [GeV]

€ e forward b-tagging can be an important
ingredient of the analysis, need to test
configuration with fwd dipole

e big impact from lepton isolation cut (not
presented here), need to optimise
isolation criteria

B. Di Micco
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Vacuum stability regions

We are at the edge between stability and instability, in a quite narrow region of the
meta-stability region (many theoretical speculations are starting, why are we there?)

I 80— - w
i i 10’ N
200 i Instability . Instability 107
178 —~
109
> i ’ 1]
) . : . . 10
O 150 . > = L
= - Z S 176 PR [V st
~ S = - , - : , 101
S , : - -
Z | s @ i 174 -
g 100 - AZ10%*GeV s | -
> i o o L
o =4 = |
o —- (aF
o, = & 172
g N 2 &
50 - Stability 4 I
170
L Stability
O [ | | | | | | | | | | | | | | | | | | | | ]
168 | | | | | | | | | | | | | | | | | | | | | | |
0 50 100 150 200 120 122 124 126 128 130 132
Higgs pole mass M, in GeV Higgs pole mass M), in GeV
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Vacuum stability

1 1 A(p) ~ F(ys, A\(mg)) = F'(my, mp)
= — uw'®* + — A(scale)d* m2
2 4 arXiv:1307.3536v2 Amp) = 2—13 = 0.1301 % 0.0007
v

Dario Buttazzo®’, Giuseppe Degrassi¢, Pier Paolo Giardino®?
Gian F. Giudice?, Filippo Sala’*, Alberto Salvio®/,
Alessandro Strumia’

Y

See Buttazzo et al. and talk from V. Branchina

OIOF Y Y Y Y Y Y Y Y Y Y T Y Y Y T ™ (Moriond QCD 20'4)
008 “’h = 125 GCV
’ 3¢ bands in
= M, =173.1 20.7 GeV NOT IN SCALE
5 006 a,(M) = 0.1184 = 00007 Veff(¢) stable
z [ +
E 004
B [ Instability = 10! GeV
e [
£ 002 \
o . -y
5 000! SONG 0 M= 1710GeV
- [ ‘\\\m_w,):o;lzos - 4
002 TSe o ay(My)= 01163 o~ NV M,
[ M, = 1753 GeV | ¢
004 PRI * |
100 10 10° 10° 10 lO“‘ 10" 10'6 10'% 10% EW = 246 Ge |
RGE scale g in GeV ‘
The modification of A with the energy Vacuum collapses.

implies a dependence A(®). The Higgs If the lifetime is larger than the age of the _10% gev 1
potential has a shape that is more complex universe we call it metastable otherwise it
than just A®4. is unstable.What'’s the shape of the Higgs

potential?
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