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G=D Introduction of the Introduction

o Mandate from Greg for this presentation:

+"Give an overview of the Higgs studies@FCC to do in the few years to come, and of the
associated challenges [No detector]” | will focus on FCC-ee

o Related mandate of the FCC Physics, Experiments, and Detector Studies (PED)

¢ "Deliver a detailed FCC Physics CDR++, so that enough knowledge and material be
available for FCC-ee proto collaborations to progressively take over”

e Suite of experimental studies, with extensive understanding of detector requirements
> So that systematic uncertainties match the statistical power of FCC-ee

e Detector Concepts that satisfy the detector requirements
e Simulation and Reconstruction Software to enable the experimental studies
e Extended physics programme, including new ideas

> With (plans for) theoretical calculations and MC generators, with the required precision

o Higgs studies @ FCC in the years to come are consistent with this mandate

¢ Note: “"Study the Higgs” is only a part of the FCC physics programme
e The above list applies to the Z, W, top, and New Physics programme too.
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Possible organizational chart for FCC PED

o Higgs studies will have impact in virtually all aspects
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Status of Higgs Studies after ESU2020

(FED))

o Results often presented as a list of Higgs couplings and expected relative precision

J. De Blas et al., arXiv:1905.03764

¢ Forthe proposed Higgs factories: and their energy upgrades:

Numbers without/with HL-LHC FCC-ee FCC-INT
Collider HL-LHC ILC250 CLIC3s0 CEPCyyg | FCC-eez40-365 Collider ILC500 ILClooo CLIC FCC-INT
Lumi (ab ") 3 2 1 5.6 5102+ 15 guzz (%) | 0.24/0.23[0.24 /023 [ 039 /0.39 | 0.17 / 0.16 |)
Years 10 11.5 8 7 3+1+4 v (9 /
O | gnzz (%) 15 | 0.30/029 | 050044 | 0.19/0.18 | 0.18 / 0.17 JHWW 7(/") 0.31/0.29 O'Eg 8'42; 8'?2 8'?2 g'ig 8'}12
ganww (%) 1.7 18/1.0 |086/073| 1.3/088 | 0.44/0.41 gubb (%) 0.60 / 10.56 | 0.5 /0. 53 /0.5 48 /0. . ee
guby (%) 5.1 18/11 | 1.9/12 | 1.3/092 | 0.69/0.64 gtice (%) 1.3/12 |091/090 | 1.4/14 | 0.96 /0.96
JHece (/) SM 2.5 /20 4.4 /4.1 22/20 1.3 /1.3 JHgg (7) 0.98 0.85 | 0.67 / 0.63 | 0.96 , 0.86 | 0.52 , 0.50
. gHee (%) 2.5 23/ 14 2.5 /1.5 1.5/ 1.0 1.0 / 0.89 . 0.72 /064 | 0.58 /054 | 0.95 / 0.82 | 0.49 / 0.46 |-
t fit < .(lHii (%) 1.9 19/11 | 31/14 | 1.4/091 0.74 / 0.66 JHrr ((Z“)) 04730 603 / 32. i ; ’ a5 | 0437043 )
g (%) 4.4 15. / 4.2 / 4.4 9.0 /3.9 8.9 /3.9 YHpp 00 . /= A 0'. 0 A
Gty (%) 1.8 6.8 /1.3 /15 | 37/12 3.9 /1.2 gy (%) 3.5/ 1.2 L9 /1.1 23 /11 |032/032 |4 hh
guzy (%) 11. / 10. / 10. 8.2 /6.3 / 10. guz~ (%) -/ 10. -/ 10. 7. /5.7 |0.71/0.70
\_ | guee (%) 3.4 /3.1 /3.2 /3.1 10. / 3.1 guee (%) 69/28 | 16/14 | 27/21 | 1.0/0.95 |J
EFT fit —»| g (%) 50. / 49. / 50. / 50. g?gi IP gunn (%) 27. 10. 9. 3.—4. hh
Tn (%) SM 2.2 25 17 1.1 I'y (%) 1.1 1.0 1.6 0.91 ee
BRiy (%) 1.9 0.26 0.65 0.28 0.19 BRiw (%) 0.23 0.22 0.61 0.024 hh
BRexo (%) | SM (0.0) 1.8 2.7 1.1 1.1 BRexo (%) 1.4 1.4 2.4 1.0 ee

o Two basic observations from the perusal of these two tables

¢ FCCis unbeatable on both fronts (FCC-ee/hh statistics, FCC-ee/hh unique complementarity)

¢ Everything seems to be done already — Nothing to do in the next few years ?
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(FCS)

o The FCC-ee results come from the observables in this table —

¢ All projected precisions come from full simulation

arXiv:1708.08912

arXiv:1608.07538

¢ The final fits have been performed by the ECFA grou

¢ Very few analyses are documented in the FCC context

arXiv:1208.1662

e Extrapolated from unpolarized ILC,, at Vs =240 GeV

o Extrapolated from CLIC ¢, at \s =365 GeV

e K fit private versions exist

arXiv:1905.03764

FCC week 2018 (Colin Bernet)

e O,z BR(H —bb, WW, 17, vy, 1L, invis.) @ 240 GeV
2> With CMS full simulation (1)

> With CLD Delphes card

¢

arXiv:1605.00100

e None return the ILC/ CLIC extrapolated performance

Only statistical uncertainties are given

Nothing to do in the next few years?

FCC-ee CDR, 228, 261-623(2019)

Vs (GeV) 240 365
Luminosity (ab™") 5 1.5
d(6BR)/oBR (%) HZ wvv H HZ wvv H
H — any +0.5 +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— W"W~ +1.2 +2.6 +£3.0
H— ZZ +4.4 +12  +£10
H— 77 +0.9 +1.8 +8
H— vy £9.0 +18 22
H— ptp~ +19 +40

H — invis. < 0.3 < 0.6

Small cross-channel correlations not (yet) included in the fits

H — Zyand Z — H y still to be analysed (for the HZy coupling)
eeH (Z boson fusion process) not included

Only configuration with 2IP is shown

e Systematic uncertainties / cross-channel contaminations expected to be small, but not evaluated

e Realistic and powerful measurement techniques need to be implemented and documented for all

e Common tools/code to be developed; Detector/Theory requirements to be extracted/ascertained
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https://link.springer.com/journal/11734
https://indico.cern.ch/event/656491/contributions/2939139/attachments/1630105/2598043/fccee_higgs_couplings_bernet_fccweek_10Apr18_169.pdf

(FED))

o The results come from the observables in this table FCC-e-

¢ All projected precisions come from full simulatio

arxiv:1708.08912 | @ Extrapolated from unpolarized ILC,, a 6 \le(
arxiv:1608.07538 | e Extrapolated from CLIC g, at s~ 633\ a“ a’(.e
¢ The final fits have bes %0‘3 -\\ \ (\6 pa(ce\ “65‘ x
° fit pri v
ke nef e gart? of 0
o Vo . ale xo ¥ pes
6\65 (‘5 “X\e +1.8 +8
5"\) )(Pe g ot +18 422
\ 9° Wl C* eC™ 1o \ea® (tec"'o‘ o <08
E cof . ~cXS e |

Nothing to do in the next few years?

Small cross-channel correlations not (yet) included in the fits

H — Zyand Z — H y still to be analysed (for the HZy coupling)
eeH (Z boson fusion process) not included
Only configuration with 2IP is shown
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https://link.springer.com/journal/11734
https://indico.cern.ch/event/656491/contributions/2939139/attachments/1630105/2598043/fccee_higgs_couplings_bernet_fccweek_10Apr18_169.pdf

((FES))  Fits to and combination of measurements I

a A common combination algorithm should be developed, documented, and shared

¢ To evaluate, a common grounds, the effect of any improvement
e Inthe event selection and the underlying physics tools (e.g., jet clsutering, kinematic fits, ...)
e Inthe eventreconstruction (e.g., particle flow, tracking, vertexing, clustering, flavour tagging ...)
e Inthe detector performance (lepton/jet energy and angular resolutions, particle ID, vertexing,...)
e Inthe operation model (2 vs 4 IPs; luminosity & centre-of-mass energies; beam energy spread, ...)

¢ Todigest and evaluate the effect of the complete channel correlation matrix
e e.g., correlation / cross contamination between H —bb, cc, gg (and other hadronic final states)

¢ Todeal with and evaluate the effect of (exp. and th.) systematic uncertanties

¢ Abletoinclude (e.g., angular, energy, tagging) distributions or event classes
e Asopposed to the sole statistical uncertainties on the numbers of events

¢ Able to work in different frameworks

e xframework and EFT framework
> Combined with EW measurements in the latter

o ldeal entry point for ATLAS and CMS Higgs combination experts.
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=) Monte Carlo generators

o Review (non) existing MC generators: what do they include, what do they miss?

¢ For backgrounds (PYTHIA, WHIZARD, KKMC, ...)

et f e ef et + &t + et + + + _ et t
Z/'Y* Y | NANAAN VW ¥ € » e £ AN Ly € vV
) O = T S = e S Sl
e T € Y e” € AAAN W . AN T £ Y Le AAAN 7 = d v e i
+e~—qq, II- voag e WHW- ‘e~ —Zetew ete"—W te~—7Z tam — ZyV fom L 1E
ete”—qq, m > 30 GeV ete” — ete” — Ze'e ete” — Wev ete” — ete” —Zvv ete™ — t1
At s = 240 GeV (Total cross section varies like 1/s or log s) At Vs = 365 GeV
62 pb 30 pb 16 pb 3.8 pb 1.4 pb 1.3 pb 32fb ~0.6 pb
¢ Forsignal (PYTHIA, WHIZARD, HZHA, ...) ¢ Interface with FCCSW, with ISR and BES
e+\é/V ¢ Document shortcomings
\\%
o H wsS H 30 fb e Approximations, missing higher orders or graphs ...
Z e v e Evaluate systematic effect on measurements
e— ¢ > And requirements on theory
e Z ' . . . . .
194 fb 25 H 3fb ¢ Make basic configuration available for production
z
AtNs=240GeV e Atvs =365 GeV ¢ Planfor development

2nd FCC France Workshop 3
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=) Monte Carlo generators

Review (non) existing MC generators: what do they include, what do the

¢ For backgrounds (PYTHIA, WHIZARD, KKMC, ...)

¢ f ¢ e e o W et & & & et \ \(5 .
O A N e B S I i
- 'f: f_ - - e W eé\a ‘\“ Y]
W o Ve f

e .Y ¢ M/\/‘W_ ¢ Vavavavy Z

0 Iss?

efe"—qq, Il z:: :;g %’ ;c ete” — WHW- e'e” > Zetew b\)&e \(0‘\“ ’(,\\e ¢ ete” —Zvv ete —s ti
At s =240 GeV (Total cross section varies like 1/s or log s) 0(\“ 6\N‘\‘X\ At Vs = 365 GeV
62 pb 30 pb 16 pb < xO C \a“‘\e . 1.3 pb 32 fb ~0.6 pb
¢ Forsignal (pyTHIA v 0(‘.\)“;\0(\‘\5Q nterface with FCCSW, with ISR and BES
¢ B OQQ(Od\)C ¢ Document shortcomings
o Q\GQ e Approximations, missing higher orders or graphs ...
Z . ) ,(‘53 . e Evaluate systematic effect on measurements
GM P‘&\‘s _ e > And requirements on theory
194 fb ié ------------ H 3fb ¢ Make basic configuration available for production
AtVs=240Gev . — e At\s=365GeV ¢ Plan for development
2nd FCC France Workshop 9
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<@> High-priority case studies .

o Case studies are associated to important FCC physics benchmark measurements

¢ They are focused on establishing the tools needed to address the following issues

e Evaluate the detector characteristics needed to reduce the experimental uncertainties to a
level that matches the expected statistical uncertainty

e Identify other sources of systematic biases for which ways to reduce their effect to a level
that matches the expected statistical uncertainty are to be sought

e Improve the expected statistical accuracy, either by increasing efficiency of the physics
tools, or by refining the data analysis, or by finding complementary final states, or by
optimizing the set of centre-of-mass energies and luminosities, etc.

e Quantify the relevance and benefits of a configuration with four interaction points, and the
need for regular calibration runs at the Z

¢ Collaborative development is the desired mode of operation for case studies

e With up-to-date documentation for all available tools, methods, and case study analysis code, as
well as for the developing results, and their publication.

¢ Preliminary list of case studies:

Patrick Janot 2nd FCC France Workshop
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https://www.overleaf.com/read/dyjpdszrqxhz

(FE5)) Measurement of the Higgs cross section, o5

o Sensitive to the HZZ and HHH couplings S0/ in the SM from «;
¢ Treelevel One-loop correction o

1.0% [

0.0% 100 200 300 | 200 \\660
Q (GeV)

-1.0% ¢

¢ Measurement at two /s values (240, 365 GeV) allow determination of both k, and «;
e Current FCC precision obtained from Higgs events tagged with Z — ete-, utu-

3 And selected from the mass recoiling against the lepton pair m2,. = s + m% — 2+/s(E, + E_)
Independently of how the Higgs boson decays

e Some questions (among many)

> What are the systematic uncertainties? Can they be controlled?

> Can we improve the current precision with a better lepton energy resolution? With Z angular distr.?
> Is the choice of centre-of-mass energies optimal for k; and k; determination?
>

Can we tag Higgs events with Z hadronic decays, independently of how the Higgs boson decays?

Particle Flow & detector requirements on dijet mass (to select the Z) and recoil mass (to select the Higgs) resolution?
Jet clustering tuned to Z finding ?
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(=) Measurement of the Higgs width, I';,

o The total width comes as an output of the coupling fit, specifically:

2 2 2 2
K7 XK Ky XK
< X,' O'WW_)HXBR(H — XX) X —WFH X

* O'ZHOCK%; O'ZHXBR(H—>XX)OC

e The ZH cross section gives k, (Mostly @ 240 GeV)

e The ZH production followed by the H — ZZ* decay gives a first measurement of I}

¢ Final state with three Z’'s (of which one off shell)

e First possibility is to look for events with at least 3 or 4 leptons, with one pair compatible with a Z

2 (Undocumented) analysis showed - 10 years ago — that a background-free signal sample can be obtained
First step: try to reproduce this result, whether the Z — Il decay(s) comes from the Higgs decay or not.

e Final states with less leptons (start with 2) require delicate jet clustering and kinematic fits
> Many constraints to use
Total energy and momentum (4), Z masses (2), Higgs mass (1)

> Six partons in the final states
Over-constrained fit if measured parton directions and lepton energies are fixed
Maybe use the many constraints to guide jet clustering ?

> Background from signal itself, ZH with H - WW*
Requires independent measurement of BR(H — WW*) and detector characteristics to disentangle ZZZ* and ZWW*

20-21 Jan 2021 12



G Measurement of the Higgs width, I';,

o The total width comes as an output of the coupling fit, specifically:

K% x K3

*; oww—uXBR(H — XD

* O'ZHOCI(T%; O'ZHXBR(H—>XX)OC

e The ZH cross section gives k,
e The ZH production followed by the H — ZZ* decs

Requires independent measurement of BR(H — WW*) and detector characteristics to disentangle ZZZ* and ZWW*

20-21 Jan 2021 13



G Measurement of the Higgs width, I';,

o The total width also benefits greatly from the 365 GeV data sample

OWW-—H XBR(Hﬁbb)XO'%IZ
O7H XBR(H—)bb)XO’ZH XBR(H—)WW*)

¢ Obtained with best precision from the ratio

e Final state to study is bbv,v,

e Backgrounds are mostly ete~ — HZ (and interference!), ZZ or y*Z (with Z — vv)

= Discrimination from visible hadronic mass (peaking at m,) and missing mass (not peaking at my)
Use of total energy-momentum conservation is less rewarding here, but my, constraint helps missing mass.

From early ILC studies
¢ Outcome y

400

. [ sqrt(s) =350 GeV — WW-Fusion
e Detector requirements _ ‘mH= 120GeV 41 Higgsstrahlung
Tt~ S0 " Interference
. S T Back
> Hadronic mass L ackground

S
S

> Missing mass from hadronic system

NB. Calorimeter alone > Particle-Flow reconstruction . ,
do not suffice (B field) C— 100

number of evenfs/500 fb'
1

> Calorimeter granularity W%

e Analysis code /WLH ———— s
- ‘H"H“5‘0"H"H‘l()‘()”“““‘15‘0””“”‘20‘0‘““““250
L 2 MOI’e tO dO ¢ v missing mass (GeV)

e Repeat the analysis at 240 GeV (more difficult, because the missing mass distributions overlap...)
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((F5) Measurement of o,y XBR(H — bb, cc, gg)

o Why is it important?

¢ Measurement of 6,y XxBR(H — bb) is one of the necessary inputs forI'y

e Requires discrimination of H — bb from H — ccand H — gg Another entry point
for LHC experts

2> b-quark, c-quark, and gluon tagging algorithms essential
Provide important detector requirements (lifetime tagging, vertex mass, jet shapes, lepton tagging, ...)

¢ Returnsk;, k., and kg

e 1« precise determination only possible in ete~ collisions
> Allows truly model-independent determination of all Higgs couplings and width (unlike @ LHC)

e «,from Higgs decays (only from production cross section @ LHC)

¢ Another quite educational channel
e AllZ decays (ll, tt, vv, qq) are useful and give rise to different final state / backgrounds / kin. fits ...
e A good example where cross-channel contamination / correlation needs to be dealt with
e Brings detector requirements for jet energy (Z — vv) and angular (Z — qq) resolutions
2 Todiscriminate with the important backgrounds (all backgrounds from slide 7 contribute significantly)
e Ateamis already in place and initiated the work for this case study (contact E. Perez and P. Azzi)
2 You will be guided and helped in your learning process; your innovative ideas will make a difference.

Patrick Janot 2nd FCC France Workshop
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G Determination of my,

o Direct determination: all channels contribute
¢ And provide event-by-event estimates to fit for the Higgs boson mass

o Zoll:m?,.,=s+mj —2ys(E, + E_)

See motivation in D. D’enterria’s talk foree — H

Exercise: prove all formula of this slide by applying
2 total energy-momentum conservation !

2 2
\/EEvis—\/SEvis_(S_mZ)mvis Contact me if you find a typo or a mistake.

o Z > VV:Mypo = —

e Z(and H) — hadrons or taus: cluster events to four jets and fix all jet velocities 3, = p;/E;

> Determine all jet energies by solving (with a matrix inversion):
o1 1 1 ]S
BB B B | E
B B B Bi || E
BB BB B
> Can/should also try a full 5C kinematic fit (with E, p, mz constraints)

e Requirements on lepton and jet angular and energy resolution, and on beam energy spread
> Toreach a precision on the Higgs boson mass better than the Higgs width (4.2 MeV)

followed by mfft =mq, + mgy —My

w

0
0
0

+ template fits, bias understanding, combination, etc .

2nd FCC France Workshop 16
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G Determination of my,

o Requires the measurement of 1/s with a precision better than 4.2 MeV

¢ Primary method at /s = 240 GeV uses radiative fermion pair events: ete™ — Z(y)

e With the photon escaping (one of) the beam pipes, and Z decays to charged leptons or quarks
> About 70 million events with 5 ab™! at /s = 240 GeV
> About 1 billion events with 12 ab™! at the WW threshold (/s ~ 160 GeV)
Where systematic biasses can be evaluated (and corrected for) with the resonant depolarization method

e Final state over-constrained by conservation of energy/momentum and the Z mass

> If 0, and 0, are the fermion polar angles in the ete™ centre-of-mass reference frame
sin 91 +sin 92 +|sin(¥1+92)|
sin 91 +sin 92 —|sin(¥1+92)|

e Back of the envelope estimate gives a statistical precision of 1.7 MeV on +/s

Estimate of s = m%x (and similar, albeit more involved, expressions in the lab frame)

arXiv:1909.12245

> Needs thorough analysis of systematic uncertainties to confirm this prospect
¢ This method is less effective at +/s = 365 GeV (smaller cross section, much larger Z boost)

e Use WW and ZZ events, with the W and Z mass constraints (and E/p conservation)

> Method can be calibrated at v/s = 240 GeV
At the expense of losing the W mass direct measurement at this energy.

> Expected statistical precision expected to be around 5 MeV (to be thoroughly checked)
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(FED))

Determination of m,,

o Indirect determination from ZH threshold cross section

¢ Preliminary study from P. Azzurri (inspired from the W mass at WW threshold)

{5 [dM,, /do,,] (MeV/D' N
Vo, [dm, /do,,] (MeV/fo'?)

|

—

ol [dr, /doy,] (Mevib"™
. [dr; /do,,] (Mev/b'™

—

l 3 ' l . ' e l

_ — 2000
) 0.25 FCCee ZH threshold ] :
= — my=125 GeV [';=6 MeV m,=91 GeV [,=2.5 GeV g 1800}—
N — Amy = +1GeV ® -
T ol— A T,=+1Gev Z 1600}
Am, =+1GeV 5] -
AT, =4+1GeV S 1400
= F
0.15- £ 1200
= -
| 1000
0.1 800|— .
600[—
0.05( 400 -
200 """
0 — 771 1 L 1 1 I 1 1 1 L I 1 1 1 1 I | : l N s M 1 |
200 210 220 230 240 0510 51

Vs (GeV)

e Optimal centre-of-mass energy /s ~ 217 GeV

214

216 218 220
Vs (GeV)

> my, precision ~ 350 MeV +/fb™! with 100% efficiency and no backgrounds for all ZH channels (1)

> With only the dominant Z — Il channel, it becomes 40 MeV +/ab7li.e., ~20 MeV for 5 ab™! at 217 GeV
Not sure we should spend a lot of time here now, unless we come with a convincing cross section with Z — qq

Patrick Janot
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(=) Measurement of the HZy coupling

o Motivation

*

*

Sensitive to new physics in loops; Constrains EFT fits; No estimate yet at FCC-ee;

Can be measured in production ... ... and in decay
Z nnnn Z

H H ™~
W
y ; y

e 200, 400, 40 Hy events at 160, 240, 365 GeV About 1500 ZZy events at FCC-ee
> Mono-energetic photon Overconstrained (7C) final state

Can do better than HL-LHC (~10% relative precision on the HZy coupling)
e Synergetic with FCC-hh (production requires the knowledge of Hyy coupling)

May bring some detector requirements on photon performance (energy/angular resolution)

Again, quite an educational channel to study with a clear signature
e Ideal to start a first study in FCC-ee, and bring it to completion
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(=) A lot of other things to do ...

o More (than) couplings

¢ H — ttand J determination (e.qg., relative n* orientation in t* — p*v, — n*nlv,)
e Calls for detailed tau reconstruction (calorimeter granularity, particle-flow reconstruction)
¢ H — ggandunique study of gluon fragmentation
e Calls for pure gluon selection (among c- and b-quark jets)
ete” — H direct production at v/s = my, See D. D'enterria’s presentation
Electroweak top couplings at /s = 365 GeV See P. Azzi's presentation
e Enable precise/absolute measurements of top Yukawa and Higgs self couplings at FCC-hh
¢ Other FCC-hh [/ ee synergies
¢ Invisible and exotic Higgs decays
¢ Beyond event rates: do kinematic distributions help the EFT fit ?
¢ Constraints on specific New Physics models from Higgs measurements
e And synergies with other +/s
¢ Precision calculations in the SM of total and differential rates
e To match statistical uncertainties
Patrick Janot 2nd FCC France Workshop
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@FCQ Conclusion of the Introduction

o Higgs studies @ FCC-ee are an excellent bootstrap for your activity in FCC

¢ Thereis work for many doctoral or post-doctoral physicists in the years to come
¢ Thereis something for every taste here
e Diverse final states, addressing diverse detector aspects, with diverse software needs
¢ You'll neverwalk alone |
e FCCPED studies are organized on a collaborative basis
> Analysis code, physics tools, documentation, will be waiting in FCCSW for your innovations
2 ILC/CLIC experts, LHC experts, and LEP experts (still for a short while) will also be around to help
¢ The outcome will be rewarding
e Preprints/ papers with only a few names (of which, yours) along the way
e A Physics CDR as a prelude for the recommendation of the FCC project in five years
e The physics software of the future and detector concepts for the the 2 or 4 IPs of the FCCring
¢ It will be fun all along
e Adding diversity and new experience to your usual work in HL-LHC
e The experience gained will enable you to work on the other parts of the FCC-ee programme
Patrick Janot 2nd FCC France Workshop
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