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A COMMON QUESTION...

BSM theorist: “Is my model consistent with the Higgs data?”
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for all neutral and charged Higgs bosons in the model;
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BSM theorist: “Is my model consistent with the Higgs data?”

To-Do List:

1. Calculate masses, total decay widths, cross sections and decay rates
for all neutral and charged Higgs bosons in the model;

2. Select & implement all relevant exclusion limits from LEP, Tevatron, LHC;
3. Select & implement all relevant Higgs signal measurements from LHC;

4. Validate your implementation;
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A COMMON QUESTION...

BSM theorist: “Is my model consistent with the Higgs data?”

To-Do List:

1. Calculate masses, total decay widths, cross sections and decay rates
for all neutral and charged Higgs bosons in the model;

Select & implement all relevant exclusion limits from LEP, Tevatron, LHC;
Select & implement all relevant Higgs signal measurements from LHC;

Validate your implementation;
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Test your model against them in a statistically well-defined way;
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A COMMON QUESTION...

BSM theorist: “Is my model consistent with the Higgs data?”

To-Do List:

1. Calculate masses, total decay widths, cross sections and decay rates
for all neutral and charged Higgs bosons in the model;

Select & implement all relevant exclusion limits from LEP, Tevatron, LHC;
Select & implement all relevant Higgs signal measurements from LHC;
. Validate your implementation;

. Test your model against them in a statistically well-defined way;
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. Interpret your result (95% C.L. allowed/excluded or x?).
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A COMMON QUESTION...

BSM theorist: “Is my model consistent with the Higgs data?”

To-Do List:

1. Calculate masses, total decay widths, cross sections and decay rates
for all neutral and charged Higgs bosons in the model;

Run HiggsBounds and HiggsSignals.

6. Interpret your result (95% C.L. allowed/excluded or x?).
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ggsBounds AND Higgs

P. Bechtle, S. Heinemeyer, T. Klingl, TS, G. Weiglein, ). Wittbrodt

HiggsBounds HiggsSignals
Confronts BSM Higgs sectors with Confronts BSM Higgs sectors
exclusion limits from LEP, Tevatron with LHC Higgs signal rate
and LHC Higgs searches. and mass measurements.
= excluded/allowed at 95% C.L. =y
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Codes available at GitLab (more later in tutorial).
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HIGGSBOUNDS: BASIC STRUCTURE

User interface

HiggsBounds

Settings

Experimental input
Number of Higgs b D Initialization
Hnber oF TISES bosors expected/observed 95% C.L. limit

selection of experimental data

Calculate signal rates . . .
-~ combine Higgses?
(@moder)

Determine most

Theory input

Higgs masses, total widths,
(SM normalized) cross sections,
branching ratios, CP properties

assumptions fulfilled?

sensitive analysis .
SM-likeness, CP, etc.

(Qmodel V8. Qexpec)

Output Apply most

Is model 95% C.L. excluded? sensitive analysis
Observed ratio (Qmodel/Qobs),

I
]
channel information |
I

| (Qmodel V8- Qobs) running HiggsBounds
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THEORETICAL INPUT

M;, Tte*, XS's and BR’s for all neutral and charged Higgs bosons.
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THEORETICAL INPUT

M;, Tte*, XS's and BR’s for all neutral and charged Higgs bosons.

XS and BR’s can be approximated from coupling scale factors (“effC input”),
or given directly as input.

Internally, YR4 predictions are used for normalization to SM predictions.
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THEORETICAL INPUT

Main input
M;, Tte*, XS's and BR’s for all neutral and charged Higgs bosons.

XS and BR’s can be approximated from coupling scale factors (“effC input”),
or given directly as input.
Internally, YR4 predictions are used for normalization to SM predictions.

Per default assume factorization of XS and BR for signal rate calculation,

a(P[hi], D[hi]) = o (P[hi]) x BR(D[hi])

Channel rates o(P[h;], D[hj]) can be set directly, if needed.
Example: CPV MSSM with destructive interference in pp — ha3 — 7777,

[Fuchs, Weiglein, 1705.05757]
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HiggsBounds: EXPERIMENTAL INPUT

= “model-independent” 95% C.L. limits from LEP, Tevatron, LHC7/8/13.

current version: more than 200 experimental limits are implemented.

“Combination” procedure:
Each Higgs boson h; is only confronted with the observed limit of the
experimental analysis that's most sensitive to it (judged by expected limit).

Some limits are two-dimensional, e.g. in (Ma, My) or (M,, ') plane:
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= Underlying data files are needed for a proper implementation.
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HiggsSignals: y? CALCULATION FROM HIGGS SIGNAL RATES
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HiggsSignals: y? CALCULATION FROM HIGGS SIGNAL RATES

(anal assum like Higgs signal)
cMs_Preliminary a5 1 s Tew) ATLAS Preliminary o, —._
w=075 8 [ 95 Pieyst)] Arniaom ! A
e —i
. |
- - o i ——
— ® . | +
. o wr
|
st ety 0 1 2 3 4 6
st it
oBloB), Signal strengths () in pure channels
(SM normalized rate)

STXS (absolute rate)

Signal strengths (u) in exp. categories

(SM normalized rate)

current version: 27 traditional p obs. + 39 STXS obs. + 20 LHC-Run-1 obs
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Predicted signal strength:

_ > i€ lo x BR];
H > €smj [osm x BRsu];

CMS Simulation H—yy
N
]

esm,i: Signal efficiency of channel i in SM.

- e signal efficiency of channel i in model.
default assumption: €; = esy ;
- ; € # €sw,; requires external MC simulation:

WH Leptonic

= ¢; can then be set as additional input.

W 40

ERCEE 0 100
Signal fraction (%)
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HiggsSignals: x? CALCULATION FROM HIGGS SIGNAL RATES

A

X =(p—p)Cu (A —p)

/

Covariance matrix

correlation matrices sometimes given by

ATLAS and CI

ATLAS/CMS (for subset of observables). %,

9gF

= included in HiggsSignals.

Otherwise: treat luminosity uncertainty,

theoretical ¢ and BR uncertainties

as fully correlated.
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HOW TO NOT INTERPRET THE ‘X’z

All statistical interpretation of LHC results we can do is approximate!

Frequentist meaning of p(x?, ndf = nops): “Assuming model is realized in
Nature, p is probability that the observed distribution is due to chance.”
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How TO INTERPRET THE ;\jz

Always keep in mind (as a theorist):
All statistical interpretation of LHC results we can do is approximate!

Frequentist meaning of p(x?, ndf = nops): “Assuming model is realized in
Nature, p is probability that the observed distribution is due to chance.”
Although we calculate x?, the true probability p # p(x?, ndf = nops):

- Observables are not purely Gaussian (syst. uncertainties, limited stats., etc.),

+ f: model parameters — observables is often highly non-linear,

- Many observables cannot be independently predicted by the model
(i.e, effective number of statistical degrees of freedom is smaller than number
of observables).

= Do not (blindly) use probability p(x?, ndf = neps) for interpretation!
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HOW TO INTERPRET THE Xz

Instead, perform a statistical model comparison:
Hypothesis

How much better/worse does model A describe the data than model B?

In the literature, this is a “log-likelihood ratio (LLR) test”:

) _
)

Typical choices for reference model B: SM, parameter point with minimal x2.

L(Pa
—2In—=
L(pe
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—2(In L(PalX) — In L(PelX)) ~ x* (BalX)) — X*(Ps|X)) = AX°.
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In the ratio, many of the “problems” (prev. slide) cancel out.

Determine of confidence intervals/regions by cutting on Ax?:

cL D 2D

63% (10) 1 23 Note: C:L. vglues again rely on the Gaussian
95% 384 599 approximation!

95.45% (20) 4 618
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COMPLICATIONS WITH EXTENDED HIGGS SECTORS

If N > 1 neutral Higgs bosons in model = identify the Higgs candidate(s)!

- Higgs boson h; is assigned to the observable q, if its mass is close
enough to observed signal position:

[mi — Ma| < Ay (Am;)? + (Amy)> = Higgs h; assigned.

- If N > 1 Higgs bosons assigned = po = > fla,i-
A signal-strength weighted mass average m then enters the x,
evaluation.

- If no Higgs boson is assigned to observable «, its x? contribution is
evaluated for zero predicted signal strength, po = 0.
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MASS DEPENDENCE OF TOT. v2 FOR A SM-LIKE HIGGS BOSON

HiggsSignals provides three different probability distribution
functions (pdfs) for the Higgs box-shaped, Gaussian,
box-theo.+Gaussian-exp.

Example: SM Higgs boson with Am = 0.5 GeV

0 Am‘ne“ = 0.50 GeV, A = default
14

130»\\} —

120

110+

90

80 H
— Gaussian

70 : : ; : : : :
Y50 1255 1200 1205 1250 1255 1260 1265 1270
my [GeV]
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MASS DEPENDENCE OF TOT. v2 FOR A SM-LIKE HIGGS BOSON

HiggsSignals provides three different probability distribution
functions (pdfs) for the Higgs box-shaped, Gaussian,
box-theo.+Gaussian-exp.

Example: SM Higgs boson with Am = 0.5 GeV

0 Am‘ne“ = 0.50 GeV, A = default
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Tutorial




2HDMC= 2HDM CALCULATOR

[D. Eriksson, J. Rathsman, O. Stal, 0902.0851] latest version (2015): 1.7.0
Calculates for the CP-conserving 2HDM:

- tree-level Higgs masses and couplings,

- Higgs (and non-SM top) decay rates,

- tree-level theoretical constraints (unitarity, perturbativity, stability),
- EW precision observables (oblique parameters).

It features

- various parametrizations,

- all possible Yukawa types (including a “general” Yukawa structure),

- LesHouches-style output,

- MadGraph/MadEvent (v&) model,

- interface to HiggsBounds-4/HiggsSignals-1. — outdated!

- many example programs (have a look!)
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THE NEW 2HDMC-HB/HS INTERFACE

Private version of a new interface available at
https://gitlab.com/higgsbounds/additional_tools.

New interface necessary due to extended theoretical input in
HiggsBounds-5 (LHC 13 TeV quantities).

This includes a small program (xsecHptb.F90) to obtain the
13 TeV cross section for pp — H*tb (at NLO) from numerical grids
provided by the LHC Higgs Cross Section workgroup.
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https://gitlab.com/higgsbounds/additional_tools

SETTING UP THE CODES

1. Download and install HiggsBounds and HiggsSignals from
https://gitlab.com/higgsbounds.

2. Download and extract 2HDMC from
https://2hdmc.hepforge.org.

3. Download and install updated 2HDMC-HB/HS interface from
https://gitlab.com/higgsbounds/additional_tools.

4. Compile 2HDMC.
(All codes need gcc (including gfortran), 2HDMC also needs gs1)
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https://gitlab.com/higgsbounds
https://2hdmc.hepforge.org
https://gitlab.com/higgsbounds/additional_tools

“EXERCISES”

First steps in 2HDMC:

1. Let's try one point in the 2HDM in Type 1 and 2:
./CalcPhys 125.1 250. 500. 500. 0.9995 0. 0. 20000. 5 1 pointl.slha
./CalcPhys 125.1 250. 500. 500. 0.9995 0. 0. 20000. 5 2 point2.slha

Look up the relevant Higgs searches in Key.dat.

Invisible Higgs decay and H — ~+ in the inert doublet model

Use the provided ScanInert.cpp program to study

2. Direct and indirect constraints on BR(H — invisible) and, in turn, the
relevant IDM parameters (mu, AL).

3. Constraints on the H — ~~ rate and, in turn, the relevant IDM
parameters (my+, A3).

(Note: For the SM, HiggsSignals gives x2y = 71.64.)
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RECAP: INERT DOUBLET MODEL

useful reference: [Goudelis, Herrmann, Stal 1303.3010]

Lightest neutral inert Higgs boson is stable (i.e. dark matter candidate).
Assume my < mga here.

V = 2[HP + 310 + M[H[* + X[ + As|HP O] + AuHT O] + 22 [(H%)2 + h.c.] .

Tree-level Higgs masses:

in rameters:
M= W 4 3 Can choose as input parameters

2 2 2
M = b + ALV {mn, My, Ma, My, A2, As}
mi = M% + AV’
My = k4 1AV We can further replace As by A, via

. 2
with A3 = W(mz,_,i = mﬁ) + 2.

AL = %()\3 + A4 + As)
1

hHH coupling ~ A,
As = 7()\3 + A — )\5) p g .

hHTH™ coupling ~ As.
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INVISIBLE HIGGS DECAYS

1-dimensional scan over my (for fixed \,)
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90
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a 80
0.05 \
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[[— X, =0.0025 ‘ —_ nnn-_m‘
0.00 = — 70 - . =
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my [GeV] my [GeV]
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INVISIBLE HIGGS DECAYS

1-dimensional scan over my (for fixed \,)
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0.15
90
T 0.10 " 85
h 80 —\_
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0.00 _ . 70 § . L
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INVISIBLE HIGGS DECAYS

1-dimensional scan over my (for fixed \,)

0.20 100
95
0.15
90
0.10 e 85

BR(h — HH)

80
0.05
Kl
[— X 0.004 | — A =0.004
0.00 = — 70 - . =
10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 80
my [GeV] my [GeV]
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INVISIBLE HIGGS DECAYS

1-dimensional scan over my (for fixed \,)
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INVISIBLE HIGGS DECAYS

1-dimensional scan over my (for fixed \,)
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INVISIBLE HIGGS DECAYS

1-dimensional scan over my (for fixed \,)
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INVISIBLE HIGGS DECAYS

1-dimensional scan over my (for fixed \,)

4.0 T T

7/ Timit
o
-

obs(fst)
— obs.(2nd).
obs (3rd)

. L H H H H
0 10 20 30 40 50 60 70 80
mpy [GeV]

HiggsBounds: o/ajmit > 1= model excluded at 95% C.L..
Problem: pre-discovery SM Higgs search limits compete against invisible Higgs searches.
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CHARGED HIGGS CONTRIBUTION TO H — 7y

1-dimensional scan over my= (for fixed A3 = 0.5)

100
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085/ — R}
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