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Theoretical model >
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* Define field content + e Decay rates. e Collider searches.
interactions. e Collider production cross e Collider measurements.
* Check theoretical constraints: sections. * Astrophysical/cosmological
e gauge invariance, » Astrophysical/cosmological data.
e anomaly cancellation, (e.g. DM) observables. * Electroweak precision data.
e perturbative unitarity, * Electroweak precision * Flavor data.
* vacuum stability. observables. .

« .. * Flavor observables.

f

Some of these steps are easy, most are quite involved! — Automation.
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H |ggSTO O | S Ove rVI eW gitlab.com/higgsbounds/higgstools

HiggsTools is a toolbox for BSM Higgs phenomenology

HiggsPredictions-1 HiggsBounds-6 HiggsSignals-3
* Handles user input (model * Constraints from searches for: « Constraints from
predictions). * BSM scalars measurements of h125.
* Tabulated cross sections and BRs. * h125 rare decay modes e Signal strength, STXS, mass, ...
* Common process definitions and e etc. measurements.
clustering. * Output: x?

mmm) \\ritten in modern C++ for high performance; Python and Mathematica interfaces for ease of use.
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HiggsPredictions overview

* All information about particles and their properties are stored in Predictions class.

* Information about each particle is stored in BSMParticle class:
* Quantum numbers: electric charge, CP.
e All relevant production and decay modes for LEP and LHC.
* Support for decays into mixed SM/BSM pairs (e.g. H = ZA) and into pure BSM pairs (e.g. h - HH).

* Tabulated XS and BRs for reference particles (more later).
* Effective coupling input to set particle properties relative to these reference models.

e Automatically calculates XS and BRs in terms of effective couplings.
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HiggsBounds — overview

HiggsBounds uses a library of experimental limits. For every limit, it HiGGsBOUNDS

1. checks which particles in the model are relevant for each role in the process;
2. finds all maximal clusters for each role that fulfill the analysis assumptions;
3. computes the model predictions for all assignments of clusters to the process roles;

4. obtains the expected and observed ratios (i.e., model prediction/limit).

For each particle, the most sensitive limit is selected based on the expected ratio. The parameter
point is regarded as allowed if the observed ratio < 1 for all selected limits.

Henning Bahl
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HiggsBounds — dataset

HiggsBounds data set available at gitlab.com/higgsbounds/hbdataset. All limits implemented via json files.

Current status:

e 307 limits from 189 experimental publications:
e 25 LEP searches from 13 publications (mostly combinations),
* 95 LHC Run 1 searches from 47 ATLAS and 48 CMS publications,
e 187 LHC Run 2 searches from 92 ATLAS and 95 CMS publications.

* Limit database contains all types of limits:
* Searches for neutral, charged, and doubly-charged scalars.
* Chain decays pairs (e.g. H = ZA) and pair decays (e.g. h - HH).
* Implementation of publicly available likelihoods (e.g. H — 7).
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HiggsSignals overview

HiggsSignals uses a library of Higgs measurement (json files). Based on these measurements it computes
2% = (1= DT [ApeCorTobsAobs + Aleo CoTineoltheo] | (1 = )

with u being a normalized signal rate, mass, or coupling measurement.

Current status of dataset (gitlab.com/higgsbounds/hsdataset):

e 21 measurements (11 ATLAS Run-2, 9 CMS Run-2 and the Run-1 Combination) with 158 individual
observables (mainly STXS measurements)

* Includes correlations correlations (experimental + theory).

* Also includes CP measurements (e.g. CMS H — tt CP measurement).



XS predictions

Easy access to predictions for Higgs XS and BRs
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* AlIXSand BRs can be set EXpIICItly by the user. cpls = Higgs.predictions.NeutralEffectiveCouplings()

cpls.tt = 1

* For many BSM Higgs models, rescaling of SM results is a cpls.bb = 1

very good approximation. cplstitautauysi

cpls.ss = 1
cpls.mumu = 1

* Therefore, user can also employ effective coupling input. cpls.gg = 1
cpls.ZZ = 1
cpls.WW = 1

cpls.gamgam =
cpls.Zgam = 1
cple-ccr= 0.9 £ 10
Higgs.predictions.effectiveCouplingInput (
h,
cpls,
reference=HP.ReferenceModel . SMHiggsEW)



HiggsPredictions — XS and BR predictions |

e All XS and BRs can be set explicitly by the user.

* For many BSM Higgs models, rescaling of SM results is a
very good approximation.

* Therefore, user can also employ effective coupling input.
* For effective coupling input, XS and BRs are calculated by

HiggsPredictions (assuming absence of contribution by BSM
particle).

cpls
cpls

cpls.
cpls.
cpls.
cpls.
cpis:t
cpls.

cpls

cpls.

cpls

cpls.

Higg

= Higgs.predictions.NeutralEffectiveCouplings()

2t =1
bb = 1
tautau = 1
ss =1
mumu = 1
gg ==l

272 = 1

WW o= 1
gamgam = 1
.Zgam = 1

ce = 0.9 + 15 % 0.1
s.predictions.effectiveCouplingInput (
h,

cpls,
reference=HP.ReferenceModel . SMHiggsEW)



HiggsPredictions — XS and BR predictions |

All'XS and BRs can be set EXpIICItly by the user. cpls = Higgs.predictions.NeutralEffectiveCouplings()

cpls.tt = 1
* For many BSM Higgs models, rescaling of SM results is a cpls.bb = 1
very good approximation. LT e =
cpls.ss = 1
cpls.mumu = 1
* Therefore, user can also employ effective coupling input. cpls.gg = 1
cpls.ZZ = 1
* For effective coupling input, XS and BRs are calculated by cpls.WW = 1
. _ . N cpls.gamgam = 1
HiggsPredictions (assuming absence of contribution by BSM cpls.Zgam = 1
particle). cpls.cc = 0.9 + 1j * 0.1
Higgs.predictions.effectiveCouplingInput (
h,
* Procedure:
cpls,

reference=HP.ReferenceModel . SMHiggsEW)
* Evaluate BSM XS oggy () using parameterized XS fits.

e Rescale to LHCHWG recommendations

LHCHWG
IsM (m)

osm(m)

opsm(m) = ogsm(m) -



HiggsPredictions — parameterized XS's

prod. channel coupling dep. mass range [GeV] source
ggH Ct, Ct, Cb, Cp 10 — 3000 SusHi
bbH Cp, Cp 10 — 3000 resc. of SM result
VBF Cz,Cw LHCS8: 1 — 1050, LHC13: 1 — 3050 resc. of SM result
ttH Ce, Gy 25 — 1000 MadGraph
tH (t channel) Ct, Ct, CW 25 — 1000 MadGraph
tWH Ct, Ct, CW 25 — 1000 MadGraph
WH Cw s C 1 — 2950 vh@nnlo
qq — ZH Cz,C 1 - 5000 vh@nnlo
g9 — ZH Ciy Chy Cz, Cyy Cp 1 — 5000 vh@nnlo
bb — ZH Ch 1 — 5000 vh@nnlo
qiq; — H Cq,ijs Cqsij 1 — 5000 vh@nnlo
¢:q; — H* CaLijs CqR.ij 200 — 1150 [HB et al.,2109.10366]
¢q; — H+~ Casijs Cgiij 200 — 1150 [HB et al.,2109.10366]
¢q; = H* +7  cqrijs Coni 200 — 1150 [HB et al.,2109.10366]
pp — H*tb CL.thy CR.th 145 — 2000 [Degrande et al.,1507.02549,1607.05291]
pp — H*¢ CH: oW mg : 10 — 500, myg+ : 100 — 500 [HB et al.,2103.07484]

* Also H = yy, gg decay widths can be calculated in terms of effective couplings.

Henning Bahl
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Example: Z¢ production

e Split up cross-section such that coupling
dependence is explicit:

ad AR Z nanb5i¢[m¢] .

a,be{Z,t,b,t b}

* Fit mass dependence of the various

contributions individually using vh@nnlo.

* At run-time, take effective couplings to
obtain total Z¢ cross-section.

pp—-Z¢p CP-even

[Bechtle et al.,2006.06007]

pp—-Z¢ CP-odd

106 4
104 4
102 _
100 _
10—2 4
10—4 _

b [fb]

1 > _10—4 4
105
-10° -

S o I WSS I————— N T
—-10% 4
~10%

100 10! 102

Henning Bahl

103 100 10! 102 103

md, [GeV]
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LHCHWG recommendations for ggH

 LHCHWG provides different precision levels for the ggH XS:

* QCD N3LO for m;y = oo (+ NLO EW corrections).

—— SMHiggs
= more precise for my < m; - SMHiggsInterp |
— SMHiggsEW reference model L s SMHiggsEW

* QCD NNLO for finite m; = more precise for my > m;
— SMHiggs reference model

* The reference model had to be chosen by the user often
causing issues.

T200 400 600 800 1000
« New feature: SMHiggsInterp reference model interpolating my [GeV]
between SMHiggs and SMHiggsEW

Henning Bahl 12



Using the most precise XS predictions matters

SM
Example: charm-Yukawa fit L,y x = y\/c—zc"(cc +iys C.)c H

Ax® Ax?
01 2 3 45 6 7 8 910111213 14 01 2 3 45 6 7 8 91011121314
3 e S S— S S S : 3¢
f —— HS68% CL -~ HS 99% CL | —— HS68%CL -~ HS 99% CL
25_--- HS 95% CLi.zeee-: ..., HS BFP ‘ 25--' HS 95% CL * HS BFP

2f . : i -2

QCD NNLO for finite m,

Henning Bahl 13

QCD N3LO form; — o



Preparing for Run-3

prod. channel coupling dep. mass range [GeV] source
ggH Ct, Ct, Ch, Cp 10 — 3000 SusHi
bbH Cp, Cp 10 — 3000 resc. of SM result
VBF Cz,Cw LHCS8: 1 — 1050, LHC13: 1 — 3050 resc. of SM result
ttH Ct, Gy 25 — 1000 MadGraph
tH (t channel) Ct, Gy, Cy 25 — 1000 MadGraph
tWH Ct, Cy, Cyy 25 — 1000 MadGraph
WH Cw s 1 — 2950 vh@nnlo
qq — ZH Cz,C 1 — 5000 vh@nnlo
g9 — ZH Cyy Cphy Cz, Cyy Cp 1 — 5000 vh@nnlo
bb — ZH Ch 1 — 5000 vh@nnlo
qiq; — H Cq,ijs 6q.ij 1 — 5000 vh@nnlo
¢:q; > H* CqL,ijs CqR,ij 200 — 1150 [HB et al.,2109.10366]
¢q; — H+~ Casijs Cgiij 200 — 1150 [HB et al.,2109.10366]
¢ = HE+v  cyrijs Cris 200 — 1150 [HB et al.,2109.10366]
pp — H*tb CL ths CR.th 145 — 2000 [Degrande et al.,1507.02549,1607.05291]
pp — H*¢ CHE oW mg : 10 — 500, mp+ : 100 — 500 [HB et al.,2103.07484]

Henning Bahl
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Preparing for Run-3

prod. channel coupling dep. mass range [GeV] source
ggH Ct, Ct, Ch, Ch 10 — 3000 SusHi n
bbH Cp, Cp 10 — 3000 resc. of SM result
VBF Cz,Cw LHCS8: 1 — 1050, LHC13: 1 — 3050 resc. of SM result
ttH Ct, Gy 25 — 1000 MadGraph
tH (t channel) Ct, G, CW 25 — 1000 MadGraph .
W H &, &, Crp 925 — 1000 MadGraph _ Now also available for
WH ws i 1 - 2950 vhennlo 13.6 TeV and 14 TeV!
qq — ZH Cz,C 1 — 5000 vh@nnlo
g9 — ZH Cyy Cphy Cz, Cyy Cp 1 — 5000 vh@nnlo
bb — ZH Cp 1 — 5000 vh@nnlo
qiq; — H Cq,ijs Cqsij 1 — 5000 vh@nnlo
¢:q; > H* CaLij» CaRiij 200 — 1150 [HB et al.,2109.10366] -
qiq; — H -+ ~ Cq,ijs Eq,ij 200 — 1150 [HB et al,210910366]
¢ = HE+v  cyrijs Cris 200 — 1150 [HB et al.,2109.10366]
pp — H*tb CL.thy CR,th 145 — 2000 [Degrande et al.,1507.02549,1607.05291]
pp — H*¢ CHE oW my : 10 — 500, my+ : 100 — 500 [HB et al.,2103.07484]

Henning Bahl 14



Preparing for Run-3 — W H example

vvvvvvvvvvvvvvv

1071} —— 136 TeV |
' —— 14 TeV

mass [GeV]

Henning Bahl
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h125h125 palr prOdUCtlon XS | [work in progress]

* Goal: Easy application of resonant and non-resonant di-Higgs searches.
e Split hy,5h4,5 XS into various pieces:
Ohypshipss = Onon—res T Ores T Oint = |box + triangle|? + |res|* + 2 Re[(box + triangle) - res”]

* Include dependence on resonance mass, width, Yukawas, and trilinear couplings.
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* Fit each of these pieces individually (using anyHH for XS calculation) (18 et al., to appear]



h125h125 palr prOdUCt|On XS ” [work in progress]

* Fit each of these pieces individually (using anyHH for XS calculation) [HB et al,, to appear]

5000 1

Each line represents different
resonance mass

4000

3000

2000 4

Resonant cross section

1000 4

Henning Bahl 17



h125h125 palr prOdUCt|On XS ” [work in progress]

* Fit each of these pieces individually (using anyHH for XS calculation) [HB et al,, to appear]

Accuracy of grid interpolation

5000 - -
Each line represents different 3.0
resonance mass g . R *
~ 4000+ £ 25
S %
g - ° . .
% Z 2.0 . . .
3000 o ° o . o
° - ®c e R
o = 1.5 o . o o
+—= — [ ]
Z 2000 8 . e ¢ .
2 = 1.0 * e *
£ g : ° o
e & o
g °
1000' L\: 0 5 ([ ] . ® e Y ®
° [ ] .‘ y [
0l 00_ s o. ° o] L ] ®
0.00 0.05 0.10 0.15 0.20
FH/mH

Henning Bahl
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Implementation of new searches



Non-resonant HH limits

* New feature: implementation of A dependence of non-resonant HH limits (via acceptance).

* Provide Kk, via effective coupling input.

CMS 138 fb™' (13 TeV)

I Ky =Ky =Ky =1 —— Observed ~ =---- Median expected
E=— Theory prediction [EE® 68% expected
----- 95% expected

10% N\

10°F

95% CL limit on o(pp — HH (incl.)) / fb

Excluded Excluded ]|

10‘_||||||||||\\1|||||||||1|||||||||||||_‘
-6 -4 -2 0 2 4 6 8 10

[CMS,2207.00043]

Henning Bahl



Non-resonant HH limits

* New feature: implementation of A dependence of non-resonant HH limits (via acceptance).

* Provide Kk, via effective coupling input.

CMS 138 fb™' (13 TeV) 1
o M LA e B s e e e B s B R BN 10+
=~ LK =Ky =K =1 —— Observed ~ =---- Median expected
:—-:,'\ E=— Theory prediction [EE® 68% expected
= . g=== 95% expected
T N
1 10°F
o)
(o) o
z E
2 _8 100
= o
-
O 102F
R C
IYe)
& —— ATLAS comb

Excluded Excluded ]| CMS comb
Excluded
1071 : ; -
10__I | 1 1 1 I 1 1 1 '\\J 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 | 1 1 1 I I_ _5 O 5
-6 -4 -2 0 2 4 6 8 10 R

[CMS,2207.00043]
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Non-resonant HH limits: 2HDM example result

my =my =my+ = 1TeV

2.00
. . ATLAS comb /ﬁko
* hyy5hqo5 XS calculated using HPair LT85T  ATLAS comb kY0
[Grober et al.,1705.05314;...] 1,50 Excluded
. . . 1.251
* Optionally include NLO corrections to k; g7
via BSMPT. [Basler et al., 1803.02846:...] igf
@)

7000 0.02 004 006 008 010 012 0.4
cos(f — )

Henning Bahl 20



Non-resonant HH limits: 2HDM example result

my =my =my+ = 1TeV

2.00
. e B ATLAS comb x©
* hqy5hqys5 XS calculated using HPair LT3  ATLAS comb 0
[Grbber et al.,1705.05314;...] 150+ Excluded
1.251

* Optionally include NLO corrections to k;
via BSMPT. [Basler et al., 1803.02846:..]

Obsratio

Y000 0.02 004 006 008 010 012  0.14
cos(f — «)

Unresolved issue: which limit should be applied how in presence of large resonant/non-resonant interference?

Henning Bahl 20
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e BSM scalars with large top-Yukawa couplings well
motivated — searches for multi-top final states.

* tt:
e Competitive limits
* But results only available for pure CP-even/pure CP-
odd case or CP-even/CP-odd particles with same
mass.
* Comparably hard to reinterpret (due to large signal-
background interference).



Multi-top final states

e BSM scalars with large top-Yukawa couplings well
motivated — searches for multi-top final states.

s LI

. tt: 10t ,
. .. : tH(cy = 1)
e Competitive limits ; LH ‘ 0)
. MmN\ - === Oy = ]
* But results only available for pure CP-even/pure CP- 10 ””{‘( "
Cy =

odd case or CP-even/CP-odd particles with same =

| tWH(ey =0) -
mass. -
* Comparably hard to reinterpret (due to large signal- 10-2
background interference).
103
. ttt/ttt: :
« Experimentally overlooked, even though tH XS can be 200 100 600 800 1000
of same order than ttH XS my [GeV]
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Multi-top final states

e BSM scalars with large top-Yukawa couplings well
motivated — searches for multi-top final states.

s LI

. tt: 10t ,
. .. : tH(cy = 1)
e Competitive limits ; LH ‘ 0)
. MmN\ - === Oy = ]
* But results only available for pure CP-even/pure CP- 10 ””{‘( "
Cy =

odd case or CP-even/CP-odd particles with same =
mass.

* Comparably hard to reinterpret (due to large signal-
background interference).

tWH(cy =0) -

o ttt/ttt: ,
« Experimentally overlooked, even though tH XS can be 200 100 600 800 1000
of same order than ttH XS my [GeV]

* Much smaller signal-background interference.

* Easier to reinterpret.
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Reinterpretation of CMS tttt search

e Use existing MadAnalysis implementation (parmeetal,2102.00512) to fit signal efficiencies.

02 2 0 272
. — o cicyC + czcvct + c3cvct + c4cvctct + c5ct + cgcici + c7ct

= Tto o o ot 1 oto Tto

Oror  CJCEC? + €5 C2,C7 + c5 ey ) + ¢ ey eiCr + cZtt et + gt c2El + cgtte

* Implement only most-sensitive signal region.

Henning Bahl

[CMS,1908.06463]
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Reinterpretation of CMS tttt search

e Use existing MadAnalysis implementation (parmeetal,2102.00512) to fit signal efficiencies.

o2 .2 o 252
g clcvct

+ 5 cht +c§ cvct + c4cvctct +cg ct + CgCi Cy

CVct +C¢27totC%/E%+CUtotC ct +C4t0tCVCtCt +cstot 4+cgtot

€ =
C?+Cat0t ~4°

Utot c({tot

* Implement only most-sensitive signal region.

0.008

0.006 A

0.004

0.002

Henning Bahl

[CMS,1908.06463]

Fit function of coupling coefficient cs for tWH production

0.012

0.010 A

~ = fit function

—}— data

700 800

my [GeV]

400 500 600
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Reinterpretation of CMS tttt search v

e Use existing MadAnalysis implementation (parmeetal,2102.00512) to fit signal efficiencies.

€

o 252

o c] Cth + 5 cvclt + c3cvct + c4cvctct +cg ct + cﬁct c; + c7ct

Ttot 2 2 Otot 2 =2

Ttot c1 e + G + ey e + et ey e + cftel + cgtelE? + cottéy '

* Implement only most-sensitive signal region.

o(pp — H) x BR(H — tt) [fb]

50 e TrTTTTrTTT LR TTTTTrTTTT TTTTTrTTTT TTTTTrTTTT
! —— HB obs. 95% CL exclusion ;
~——— CMS obs. 95% CL exclusion ]

w0k === o(pp — ttH) i
[ —-= o(pp — tHW)

30

20F

10F

of

400 500 600 700 800 900 1000

50

=
o

o(pp — A) x BR(A — tt) [fb]

o w
o ]

—
o

—— HB obs. 95% CL exclusion
~——— CMS obs. 95% CL exclusion ]
=== o(pp — ttA)

—:= o(pp = tAW)

..... o-(pp — tA)

400 500 600 700 800 900 1000
my [GeV]
Henning Bahl

Fit function of coupling coefficient cs for tWH production

~ = fit function

0.012 —}— data

0.0101

0.008

0.006

0.004

0.002 .

400 500 600 700 800 900 1000

my [GeV]
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Bringing everything together



2HDM type | scans



2HDM type | scans

alignment limit

2HDM Type I: cos(8 — a) = 0, m}, = m?, sin 3 cos 3

A/H — 11 === HiggsBounds
— Hi%ff —== HiggsSignals

—— A/H — it

h— HH

10* C

tan (8

10° C

300 400 500 600 700 800 900

100 200
myg =my =mg+ [GeV]

LR JRRRARRRRR IRRARARRRR: IRRARARRRR: IRRARARRRR: IRRARARRRR: IRRRRRRRRE IRRARARRRR: IRRARARRRR: IRRARARRRR:
— A/H =y

1000
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2HDM type | scans

tan (8

10"

alignment limit
2HDM Type I: cos(ﬂ —a) =0, m}, = m3 sin B cos f3

LR R R RN LR R LR R IRERRRRRER] IRRRRERERE; IRERRRRRER] IRERRRRRER] IRERRRRRER

A/H -7 —— A/H =y ——- HiggsBounds
—— H* > ff h— HH —-—— HiggsSignals -
—— A/H > tt

100

200 300 400 500 600 700

mp =ma =mpy+ [GeV]

800 900 1000

Henning Bahl

10!

tan g

10°

non-alignment

2HDM Type I COS(B a) = —0.05, m3, = m3, sin 3 cos 3
LA LR RN LR R RS AR LR R IRRARARRRR: IRRARARRRR: IRRARARRRR: IRRARRRRRR IRRARARRRR:
A/H—>TT —Hi—>ff h— HH
— A= hZ — A/H > tt === HiggsBounds
—— H — hh — A/H =y —=—=— HiggsSignals

— H—->VV

\
\
1
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[
|
|
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<
<
7
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2HDM type | scans

alignment limit

non-alignment
2HDM Type I: cos(ﬁ —a) =0, m}, = m3 sin B cos f3

2HDM Type I cos(ﬁ a) = —0.05, m3, = m3, sin 3 cos 3
SRR T e rrrrrrrre e e s T —— S aats ERLLLME e e e I rrrrrree
A/H—>TT — A/H =y ——- HiggsBounds 1 A/H 77 —— HY¥ > ff h— HH
—— H* > ff h— HH ——— HiggsSignals 1 — A hZ — A/H — it ——-— HiggsBounds
— A/H = tt —— H — hh — A/H -y ——-— HiggsSignals |
— HVV
\‘|
10" | . 1001 1
[ }
1
Q ) Q. |}
=] W =\ =] !
3 ! s 1
1 1
1 1
] I
1 |
| |
1 1
1 I
I I
/ i
10° | : 3 10°
1
1
1

100 200 300 400 500 600 700 800 900 1000

100 200 300 400 500 600 700 800 900 1000
mp =ma =mpy+ [GeV]

mpg =ma =mpy+ [GeV]

— HiggsTools enables phenomenologists to make use of all the searches and measurements!
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2HDM type Il scans

alignment limit
2HD1\/I Type 1I: cos(ﬁ a) =

0 m12 = mHschosB

A/H—)TT — A/H—>’y'y ——- HiggsBounds
— HT* S ff h— HH ——— HiggsSignals |
— A/H > tt
i
|
I
1
10" | 1 e
- I "‘
I | -
o | e \""~ ______ 4
g I { Yy
s : v ,/
1 /
i /
1
1
1
I
I
|

100 200 300 400 500 600 700 800 900 1000

tan g

non-alignment
2HDM Type II cos(ﬁ a) = —0.05, m12 = m?; sin 3 cos f3

|||||||||||||||||||||||||||||||||||||||| L RLILELEL N L e e R R R R

A/H—>TT — H—-VV — A/H = vy
— A hZ — HT S ff h— HH
— H — hh — A/H - tt === HiggsBounds

100 200 300 400 500 600 700 800 900 1000
mpg =ma =mpg+ [GeV]

— HiggsTools enables phenomenologists to make use of all the searches and measurements!
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Conclusions

HiggsTools is a toolbox for BSM Higgs phenomenology.

Three sub-packages:
e HiggsPredictions —» model input + predictions,
e HiggsBounds — searches for BSM scalars,
* HiggsSignals — h,,5 measurements.

New features: XS predictions for 13.6 and 14 TeV, better support for non-resonant and resonant di-Higgs
searches, multi-top searches, ...

Code and extensive documentation available at gitlab.com/higgsbounds/higgstools

Thanks for your attention!



Appendix



HiggsTools — quick start guide

Extensive online documentation: higgsbounds.gitlab.io/higgstools/index.html

C++ library:
1. Make sure you have the right dependencies (gcc >=9, clang >= 5, CMake >= 3.17, Python >=3.5).
2. Download HiggsTools code and data repositories from gitlab.com/higgsbounds.

3. Inthe code directory, type |TRTTITY

cmake ..

NELCE

pip install .

Mathematica interface: KUELGCEEE[oF el L= 10NN NIV us =07y oS VN = Yo =0\

Python interface: In the code directory, type

SLHA and datafile input still available via Python interface.
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HiggsPredictions — process types

All processes used in HiggsBounds and >
HiggsSignals are now consistently defined

as one of four process types:
(a) channel (b) chain decay

a) Channel (1 BSM particles). L Z
b) Chain decay (2 BSM particles).
c) Pair decay (3 BSM particles). ><:\\ N
d) Pair production (2 BSM particles). Y i

(c) pair decay (d) pair production



HiggsBounds — clustering

Multiple particles of similar mass can remain unresolved.

— Define clusters of particles with masses m; fulfilling

max(m;) — min(m;) < ryps + 1re] - mean(m;)

Mass resolutions given by experiment or estimated.

* Cautious: only if entire =Am; regions overlap.
e Eager: as soon as Am + r regions touch.
* Ignore: ignore Am; for clustering.

Clustering for all particle roles in all search topologies.

Consistent treatment of all implemented searches.

Can also account for theoretical mass uncertainties Am;:

PP — i = s, hips — 77, ¢ — bb

400 - H -
< 300] H—hh,SS, hS, AsAs
& A-hAs, SAs
E 200 -

h
100 + S . -

Clustering to {H,A} — {h} {S,As}



W* W) [fb]

6 X B(pp— HH - W* W*

"limitClass": "PairProductionLimit",

"id": 210111961,

"reference": "2101.11961",

"source": "https://www.hepdata.net/record/ins1688938",
"citeKey": "ATLAS:2021jol",

HiggsBounds — limit example e

60

50

40

30

20

10

Publicly available iPython notebooks for every limit.

If possible, data is pulled from HEPdata.

"experiment": "ATLAS",
"luminosity": 139.0,
"process": {
"firstDecay":
"WwWsamesign"
’
""'secondDecay":
"WwWsamesign"

+

Outputs json limit file containing all information about a limit. — I EEE

Validation plots are generated automatically.

T

III||III

|Il||||l||l||||

—

7 B

[ ] expected limit (+2c)
[ ] expected limit (+10)

——— Theory (NLO QCD)

LAS —e— observed 95% CL upper limit _|

-1
TeV 139 fb - - - - expected 95% CL upper limit ]

IIII|IIII|IIII|\III|\I

Lo 0Ty
200

P I R ITL RSN WP I mrr Lo
250 300 350 400 450 500 550 600

my i+ [GeV]

101 4

6x10°

4x10°

"equalParticleMasses": tru
"grid":
"massFirstParticle": [
200.0,
300.0,
350.0,
400.0,

500.0,
600.0
]

"limit":

"observed": [
lI5MO25)
9.6896,
8.7162,
7.4858,
5.5951,
4.8339

200 250 300 350 400

m [GeV]
Henning Bahl

450

T

500 550 600 Il

"expected":
15.111,
9.4993,




HiggsSignals —meas. example

Publicly available iPython notebooks for every measurement.
If possible, data is pulled from HEPdata.

Outputs json limit file containing all information about a

A 4

measurement.

Validation plots are generated automatically.

cMs 137 ! (13 TeV) TP L g e
& 2 rr ey (25 HS 68% CL
[ % Bestfit — 683%CL 1 |4
[ * SM -~ 955%CL | |1 151 === HS95%CL 5
3 — 997%CL- |20 * HSBFP
1 — — : 10 A
: ] ] ’r’\, \~‘\ -4
[ __ 15 KOID 05 ,/ Il \\ \\
0 C J K = "= ] ! H W L 3%
L ] ﬁ e 00 '\ '| ! A 3 ;)
L 10 9 W : A
s —-0.5 1 - Il
L <3 N’ L2
-1 N B -1.0
r 1 1
r 1 -15 4
_2_2 2 g -2.0 ; ; r ; T ; : 0
-20 -15 -10 -05 00 05 10 15 20

Kt
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"id": 211004836,
"reference": "2110.04836",
"source": "Aux. Tab. 2, Aux. Fig. 30",
"citeKey": "(CMS:2021sdq",
"collider": "LHC13",
"experiment": "CMS",
"luminosity": 137.0,
"referenceMass'": 125.38,
"referenceModel": "SMHiggsEW",
"massResolution": 18.75,
"subMeasurements": {
"alphaCP":
"coupling": "alphaCPTauYuk",
"obsCoupling": [
-0.3490658503988659,
-0.017453292519943295,
0.3141592653589793

1,
"process": {
"channels": [

IIHII -
"tautau"

"vbfH",
"tautau"




HiggsSignals correlations T

HiggsSignals-2 using ATLAS Combination (79.8fh™ ) HiggsSignals-2 using ATLAS Combination (79.8fb™})
,L,f‘ T T ,L{*’ T T
- —— HS-2 68% CL Official 68 % CL 154 = — HS-2 68% CL Official 68 % CL 154
1.4 ==- HS-2095% CL Official 95% CL T 1.4} ==- HS-295% CL Official 95 % CL
K HS-2 bestfit Official best-fit 14.8 K HS-2 bestfit Official best-fit 14.8
SM - 49 SM 149
¢ e 4.2 ¢ e, 4.2
1.2 + 1.2 ‘-‘ 143.6
9 ! 13.0 P
, / . Ax
/ 2.4
i s V4
1.0 1.0 18
1.2
0.8 F 08} 0.6
; L . 0.0
0.9 1.0 1.1 1.2 0.9 1.0 j B | 1.2
Ry Ry
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hi,5hq{,5 resonant limits



hi,5hq{,5 resonant limits

ATLAS 13 TeV CMS 13 TeV
—— 1804.06174 [bb][bb] — == 1707.02909 [bb][tautau]
—— 1807.04873 [gamgam]|[bb] === 1708.04188 [bb][WW]
—— 1807.08567 [gamgam|[WW] === 1806.00408 [gamgam]|[bb]
- —— 1808.00336 [tautau][bb] === 1806.03548 [bb][bb]
= —— 1811.04671 [bb][WW] 1808.01365 [bb][tautau]
2 —— 1811.11028 [WW][WW] ==~ 1808.01473 [bb][bb]
Q: —— 1906.02025 comb === 1811.09689 comb
5 2007.14811 [bb][tautau] === 1904.04193 [bb][WW]
T —— 2112.11876 [gamgam]|[bb] === 2006.06391 [bb][ZZ]
T —— 2202.07288 [bb][bb] — == 2106.10361 [tautau][bb]
1& —— 2209.10910 [tautau][bb] 2112.03161 [bb][WW]
< —— 2311.15956 comb — == 2407.13872 [bb][bb]

400 600 800 1000 1200 1400 1600 1800 2000
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tttt validation

2.0 T T T T TTTT T YT T 2.0 T TYTrprTrIrY TTT T TTTryres TTT T 2.0 prrerrere T™ T TTTrrpees T™ T T
scalar 95% CL exclusion 1 pseudoscalar 95% CL exclusion - scalar 4+ pseudoscalar  95% CL exclusion
observed observed s observed
=== expected A === expected === expected
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15F . 15F . 1.5
el el el
g g g
. 1.0
0.5F = - 0.5
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