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. Motivationg

e

The 2012 discovery of a

is the major achievement of the LHC
Run |

The wealth of accessible final states of a 125 GeV SM-
Higgs boson allows for a comprehensive
determination of the properties of this new state,
already with the 7-8 TeV LHC datasets

Precise determination of these properties is crucial in
the quest of unraveling the mechanism at the origin of
the electroweak symmetry breaking

We want to use these results in order to impose
constraints on a large class of new physics scenarios

Jérémy Bernon Imperial College London, 27 February 2015
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From experimental regulte
to likelihood functiong

Production/decay modes in the SM

Signals strengths
Event categories
Unfolded production modes

Constructing the likelihood function
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SM Higge production modeg at the LHC

Vector boson fusion (VBF)
Gluon fusion (ggH)
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SM Higge production modeg at the LHC

Vector boson fusion (VBF)
Gluon fusion (ggH)

ggH: Loop-induced process;
sensitive to new colored degrees

/
%_ij\l>' of freedom

VBF, VH: determination of coupling
B to the EW gauge bosons, test of
\/\/V\// BN\ custodial symmetry
/ lL‘ N\ ttH: Direct access to the top
Yukawa

W/Z associated production (WH+ZH=VH)

tt associated production (ttH)
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SM Higge decay modeg

125 GeV is very fortunate

Gamma loop sensitive to electrically charged

new degrees of freedom <
Small B(H — vv) ~ O(107?) but very clean
signature (discovery channel) g T T
S f bb i
B(H — bb) ~ 0.55dominates the total Higgs € | ‘
idth T1255M — 4.1 MeV . N
Wi H — . c é _ E
Mass dependence of the Higgs couplings %’10-25— =
can be checked for gauge bosons and §
fermions (I, II) o l
107
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|
LHC HIGGS XS WG 2013
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Sighal etrengthe

e ———eeteeSSSSSRESTEOTTT
Experimental Higgs results are expressed in the form of , for a set
of selection criteria:

nexXpP — Iunexp 4 nexp o o X A Xe
H= SM
o0 X A X €

Assuming that:
-Observed signal is a sum of the SM ones: 0= Z o(X)B(H — 1)
X

-Acceptance, efficiency same as in the SM: (AXe€)x v = (AX e)§(M

the signal strength read

o(X)B(H
p= Zeff SKZBEH: §SM

= Allow for combination of S|gna| strengths from various searches

= Possibility to assess compatibility of experimental results with a given model

by means of a global fit
= Construction of a out of these results
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Signal strengthe: event categorieg (I/I1)

Experimental searches are split into several

——

designed to optimize sensitivity to a
particular production mode

The signal strength best-fit and the 68%

confidence level (CL) interval are reported in each

A+ ALT

category: A
N

To use this information, the signal composition in

each category has

to be known

For each category, an approximate likelihood
function can be constructed:

— 2log L(u) = 4

Jérémy Bernon

() ite<n,

| (&52) itn>a

CMS H - yy 19.7 o™ (8 TeV) + 5.1 fb™' (7 TeV)
Untagged 0
Untagggged1 > r ~ =1.14 026
Untagged 2 | IE —+o—i combined -0.23
Untagged 3 L~ —e—
VBF dijet 0 | —— [ m, = 124.7 GeV ]
VBF dijet1 | ——
VH tight |
VHloosel | ®
VH MET | ®
VH dijet T
tiHtags |
Untagged 0 | —o—
Untagged 1
Untagged 2 : %
Untagged3 | |= é
Untagged4 | oo
VBF dijet 0 o .
VBF di'ie” — et ‘ combined + 10
VBF dijet2 | —e—i
VH tight | —o—
VHloose | [ , | | +—e— per-channel + 1o
VH MET | ———
VH dijet ——F
tiH lepton | _ ® |
ttH multijet Lottt o
0 5 10 15
u
[CMS-HIG-13-001]
Expected SM Higgs boson signal yield (my=125 GeV) Bkg.
-1
Eventclasses | roi1| ggH VBF WH  zH  &H (ggf/) (‘éf\f) (GeV™)
Untagged 0 5.8 | 79.8% 9.9% 6.0% 3.5% 0.8% | 1.11 | 0.98 11.0
Untagged 1 | 22.7 | 91.9% 4.2% 2.4% 1.3% 02% | 1.27 | 1.09 69.5
Untagged 2 | 27.1 | 91.9% 4.1% 2.4% 1.4% 02% | 1.78 | 1.40 135.
T | Untagged 3 | 34.1 | 92.1% 4.0% 2.4% 1.3% 0.2% | 2.36 | 2.01 312.
f VBF dijet 0 1.6 | 193% 80.1% 0.3% 0.2% 01% | 141 | 1.17 0.5
15 | VBF dijet 1 3.0 | 38.1% 59.5% 1.2% 0.7% 04% | 1.65 | 1.32 35
E) VH tight £ 0.3 — — 772% 20.6% 22% | 1.61 | 1.31 0.1
~ | VH loose /¢ 0.2 3.6% 1.1% 79.1% 15.2% 1.0% | 1.63 | 1.32 0.2
VH E‘T“isS 0.3 4.5% 1.1% 415% 44.6% 82% | 1.60 | 1.14 0.2
VH dijet 04 | 27.1% 2.8% 43.7% 24.3% 21% | 154 | 1.24 0.5
ttH tags 0.2 3.1% 1.1% 2.2% 1.3% 923% | 1.40 | 1.13 0.2
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Signal etrengthe: event categorieg ((1/11)

——

Signal decomposition not always available
e |n principle obtainable from a MC
simulation but very difficult in practice

The full likelihood for every category is not
available — use a gaussian approximation

Combining signal strengths for all categories:
e Correlations not available

e Simple approximation can be used:

®)
=
/)
T
|

19.7 b7 (8 TeV) + 5.1 fb™ (7 TeV)

Untagged 0 | i—«
Untagged 1 > ~ - +0.26
Untagged 2 : IE —+o—i Mcombined =1.14 -0.23
Untagged 3 L~ —e—
VBF dijet 0 | —— [m =124.7 GeV ]
VBF dijet 1 A — H
VHtight! |
VHloosel | ®
VH MET | ®
VH dijet [ T
ttH tags
Untagged 0 | —o—
Untagged 1
Untagged2 | >
Untagged 3 : |2
Untagged4 | oo
VBF dijet 0 o .
VBF dijet1 [~ e ‘ combined + 1o
VBF dijet2 | —e—i
VH tight | —o— _
VH loose | [~ : | | +—e— per-channel + 1o
VH MET | ———
VH dijet | ——F
ttH lepton | ® |
ttH multijet oot Tt o
0 5 10 15
/N
[CMS-HIG-13-001] u
Expected SM Higgs boson signal yield (mp=125 GeV) Bkg.
—1
Eventclasses | 1| gef  VBF WH @ zH  &H o | (GV™)
Untagged 0 5.8 | 79.8% 9.9% 6.0% 3.5% 0.8% | 1.11 | 0.98 11.0
Untagged 1 22.7 | 91.9% 4.2% 2.4% 1.3% 02% | 1.27 | 1.09 69.5
Untagged2 | 27.1 | 91.9% 4.1% 2.4% 1.4% 02% | 1.78 | 1.40 135.
T Untagged 3 | 34.1 | 92.1% 4.0% 2.4% 1.3% 02% | 2.36 | 2.01 312.
f_“e VBF dijet 0 1.6 | 19.3% 80.1% 0.3% 0.2% 01% | 1.41 | 1.17 05
15 | VBF dijet 1 3.0 | 381% 59.5% 1.2% 0.7% 04% | 1.65 | 1.32 3.5
E VH tight £ 0.3 — — 77.2% 20.6% 22% | 1.61 | 1.31 0.1
~ | VH loose /¢ 0.2 3.6% 1.1% 791% 15.2% 1.0% | 1.63 | 1.32 0.2
VH E"T’“iSS 0.3 4.5% 1.1% 41.5% 44.6% 82% | 1.60 | 1.14 0.2
VH dijet 04 | 27.1% 2.8% 43.7% 24.3% 21% | 1.54 | 1.24 05
ttH tags 0.2 3.1% 1.1% 2.2% 1.3% 923% | 1.40 | 1.13 0.2
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Common sygtematic uncertaintieg

e e

 Experimental uncertainties:
Reconstruction of the same final state, luminosity uncertainty ...

: : : . Table 3: List of nuisance parameters for systematic uncertainties assumed to be 100%
¢ Theoret|Ca| uncertalntles correlated between ATLAS and CMS.

PDF+a, uncertainties

P D F Q C D S C al e nuisance groups of physics processes
) Y pdf gg 99 — H, ttH, VQQ, tt, tW, tb (s-channel), gg — VV
pdf_qqgbar VBY H,VH, V,VV, vy
pdf qg tbg (t-channel), y+jets
QCD scale uncertainties
| n th e C aS e Of th e eve nt C ate C] O rV nuisance groups of physics processes
. | 'I: 'I:h et ” QCDscale_ggH total inclusive gg —» H
' QCDscale_ggH1lin inclusive gg/qg — H+ > 1 jets
S I g n a S re n g S - QCDscale_ggH?2in inclusive gg/qg — H+ > 2 jets
QCDscale_qqH VBF H
QCDscale_VH associate VH
: . QCDscale_ttH ttH
* It all measurements are well within the 3CDecale v W and 2
. . . . QCDscale_ VV WW, WZ, and ZZ up to NLO
Gaussian regime, the likelihood has a QUDscale_ggVY 99 WW and gg — 27
) . QCDscale_ZQQ Z with heavy flavor ¢g-pair
. QCDscale WQQ W with heavy flavor ¢g-pair
S I m p | e ) Ve ry CO m p aCt eX p re S S l O n ' QCDscale_ttbar tt, single top productions are lumped here for simplicity

9 T 1 Phenomenological uncertainties
_ _ _ Y - Y nuisance groups of physics processes
2 ]'Og L (I“l' ) T X (I“l' ) T (,"l' ,"l' ) V (,"l' ,"l' ) UEPS all processes sensitive to modeling of UE and PS

Acceptance uncertainties

comments

* Off_d |ag O n al e ntrles Of V_1 a re h Owever r(%Qu(i;a)nsctfale_WW_EXTRAP extrap. factor a for deriving WW bkgd in HWW analysis

. QCDscale_ttbar EXTRAP | extrap. factor a for deriving ¢ bkgd in HWW analysis
not provided

Instrumental uncertainties
nuisance comments
lumi uncertainties in luminosities

[CMS-NOTE-2011-005;ATL-PHYS-PUB-2011-11]

Jérémy Bernon Imperial College London, 27 February 2015 10



Signal gfrengfhg unfolded production modes (1/(()

197fb (8TeV)+ 5.1 16" (7 TeV)

» L
e - —
= 10 L+ Standard Model ’ ATLAS Prellmlnary . § 6 1 .‘,l: Ho yly tlaglgeéj l
=z ~  x Bestfit S . w - CMS . H s 77 taaged
N 7 - 68%CL ; v Vs=7TeV [Ldt=46-48f" - b i ir H—ZZtagged |
TE 80 eswol 5 ", Vs=8TeV [Ldt=203fb" =1 i w7 H-— WW tagged
= B ; | ] H — 1t tagged
B . \ —H—yy n 41 H — bb tagged
6 B : —H-2ZZ" >4l ; - { SM Higgs
- : —H—>WW* - v s
B \ “‘ H— 1t ] i
4— S i —
i R /\ i 21 |
21 O T E -
0 [ : . _| ol |
[ my=1255GeV g ] |
-2 1l | L1 1 1 | L1 1 1 | |- | ) I | | - | | | | I - | L1 1 | 11 i |
_2 _1 O 1 2 3 4 5 6 -1 I B B (l) I R S 1 ! 2 L1 3
[ATLAS-CONF-2014-009] vy, 2Z°, WWre 2
~ b Mogran [CMS-HIG-14-009] ggH.ttH
o(X)B(H — V)

:LL(Xa ):

o(X)SMB(H — 1 )SM

« Signal strengths in (X, ) vs u(X',Y") planes: production modes unfolded
from event categories. Usually X = gegH+ttH, X' = VBF+VH

Jérémy Bernon Imperial College London, 27 February 2015

All systematic uncertainties for a given channel taken into account

68% (95%) CL contours provided, /.e. isolines of —2log L
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Signal gfrengfhg unfolded production modeg (I/1l)

B g T T T 5 197fb(8TeV)+51fb(7TeV)
= L+ Standard Model ’ ATLAS Prellmlnary . § ] Iq;l 1H;>yly txagéea l
=i o - x Best fit N . 1 w i CMS ¢t H— ZZt d
N3 - e8%CL : v Is=7TeV [Ldt=4.6-48f" A 0 i ww R ZZlagged |
S5 B[ - esucl : “, (s=8TeV [Ldt=203f" = i @» H-—WWiagged
= B : | ] H — 1t tagged
B . \ —H—yy n 41 H — bb tagged
6~ ' —H-ozzr >4 - { SM Higgs
u ' —H->WW* > v -
- : H- . i
41— R i Y =
B iy /‘N i 21 B
21 SN A = !
0~ ' - o _
[ my=125.5GeV - ] |
_2 1Ll | L1 1 1 | L1 1 1 | |- | ) I | | - | | | 11 1 | | - I 11 i |
-2 -1 0 1 2 3 4 5 6 1 — (') ' ' 1 ' > ' 3
[ATLAS-CONF-2014-009] Y22 WW e H
: b Mogran [CMS-HIG-14-009] ggH.ttH
o(X)B(H — V)

X = B = )oY

« Signal strengths in (X, ) vs u(X', V") planes: production modes unfolded
from event categories. Usually X = gegH+ttH, X' = VBF+VH

e All systematic uncertainties tfor a given channel taken into account

e 68% (95%) CL contours provided, /.e. isolines of —2log L
Primary experimental input used for the construction of our likelihood v

Jérémy Bernon Imperial College London, 27 February 2015 11



Signal gfrengfhg unfolded production modeg ([(/l)

B oqo T T T T 6 197fb(8TeV)+51fb(7TeV)
% -+ Standard Model :"'\“ ATLAS Prellmlnary . §“ i ] 1.‘,,1: i—l%yly tlaglgeéj l
. I — x Best fit : . 1] L CMS cr H— ZZt d
N3 - e8%CL : v Is=7TeV [Ldt=4.6-48fb" - & i v o eslagged |
TE 8 .osnct 5  (s=8TeV [Ldt=203f" | =~ @ H— WW tagged
>.i> B ; | ] H — 1t tagged
B . \ —H—yy n 41 H — bb tagged
6~ ' —H-zzr >4 - { SM Higgs
- : —H—>WW* - v s
- : H— = i
4— S i —
i R /\ i 21 |
2r- TV . :
0__ : . _| ol |
© m,=1255GeV ' i |
-2 1l | L1 1 1 | L1 1 1 | |- | ) I | | - | | | | I - | L1 1 | 11 i
-2 -1 0 1 2 3 4 5 6 1 — 6 — 1 ' ‘,'2 3
[ATLAS-CONF-2014-009] VY, 227 WW re 2
~ b Mogran [CMS-HIG-14-009] ggH.ttH

e Using this information requires reconstructing —2log L in the full plane

 The bivariate normal approximation is usually well motivated:

[Cacciapaglia, Deandrea, - ) . a b
Drieu La Rochelle, Flament] — 21oc L — 1 — — O~ =
[arXiv:1210.8120v2] ogL(p) = (kb — )" C (k— 1) (b c)

* Best-fit point and covariance matrix obtained from a fit to 68% CL contour

e |f available the 95% CL contour can be used for validation (see later)

Jérémy Bernon Imperial College London, 27 February 2015 12
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A gtep forward: digital likelihoods

e e

ATLAS H — vy, WW, ZZ [ATLAS-HIGG-2013-002]

Informationsl ‘Références (121) H H Citations (328) H H Graphiques ‘| bon'nées H ]

Measurements of Higgs boson pro’on and couplings in diboson final states with the ATLAS
detector at the LHC

ATLAS Collaboration (Georges Aad (Freiburg U.) et al.) Afficher les 2923 auteurs

MgeH+ttH MVH+VBF —2 log L 7

. 83000000e-+00 . 25000000e+00 .43921400e+00

1 2 1
© 1.88200000e+00 2.25000000e+00 1.69128200e+00
| 1.93400000e+00 2.25000000e+00 1.96610000e+00
| 1.98600000e+00 2.25000000e+00 2.26150400e+00
| 2.03800000e+00 2.25000000e+00 2.57528000e+00
| 2.09000000e+00 2.25000000e+00 2.90927600e+00
| 2.14200000e+00 2.25000000e+00 3.25943400e+00
2.19400000e+00 2.25000000e+00 3.62660000e+00
2.24600000e+00 2.25000000e+00  4.01081600e+00

First digital likelihoods available (and last ones so far)

Extremely useful, allow for direct reinterpretation of the Higgs results

All three ATLAS diboson analyses have been updated since then,
however the corresponding digital likelihoods have not been published

Jérémy Bernon Imperial College London, 27 February 2015




Latest experimental regultg

e ——

Collaboration Analysis Type Reference

H — vy 2D contour |[HIGG-2013-008]
H— ZZ* 2D contour |[HIGG-2013-021]
H— WW* 2D contour |[HIGG-2013-013]
ATLAS H— 71 ) 2D contour |[HIGG-2013-032]
VH, H — bb 2D contour |[HIGG-2013-023]
ZH, H — invisible full 1D [HIGG-2013-003]
ttH, H — bb 1D interval |[CONF-2014-011]
ttH, H — vy 1D interval |[HIGG-2013-008]

H — vy, ZZ*, WW*,bb, 77 | 2D contours [HIG-2014-009]

CMS ttH, H — v, 77 1D interval | [HIG-2014-009]

ttH, H — leptons 1D interval | [HIG-2013-029]

ZH + VBF, H — invisible full 1D [HIG-2013-030]

CDF & DO VH, H — bb 1D interval

[PUB-2013-081]

« 1D interval »

-2AInL

e

p(ttH, bb) = 1.4 £ 1.7

[ATLAS-CONF-2014-011]

9 ) ) T I T I T I

I: 1 1 T II T 1 1

- CMS Unpublished

{ | — Observed

8

F Combination of VBF and ; |..... Exp. for SM H

7 ZH, H — invisible
6 F (s =8TeV (VBF + ZH)
C L=18.9-19.7 b

5 Vs =7 TeV (Z(I)H only)
C L=491fb"

4=

3F

2F

0
Q
o
0
B
o'
g
L o
o
.
K
.
- . I I
| 1 1 1

8.0 0.2 I 0.4 l 0.6

«full 1D » [CMS-HIG-2013-030]

* Final likelihood is the product of the individual 1D and 2D likelihoods

e Validity of this approximation and possible improvements for LHC Run |l

addressed later

Jérémy Bernon

Imperial College London, 27 February 2015
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Predicting gignal etrengthg

—2log L = — 2log L()

= need prediction of the signal strengths

Direct computation in a given model ? p(X, V) = (X SMB(H )5
e Need o(X), o"™M(X), B(H = Y), and BM(H — Y)

e Computation should be performed using the same parton distribution
functions, QCD scale, order, (renormalization scheme)...

 Most new physics scenarios are only known at leading order (LO)

. M(n) and u n: order in perturbation theory) will generally differ since
the relative SM particle contributions to the process may change

(n+1) (

Jérémy Bernon Imperial College London, 27 February 2015 15



Predicting gignal etrengthe

—2log L = — 2log L()

= need prediction of the signal strengths

Direct computation in a given model ? A T) = S ROSNB(H 1 )

Need o(X), o™M(X), B(H — Y), and BPM(H — Y)

Computation should be performed using the same parton distribution
functions, QCD scale, order, (renormalization scheme)...

Most new physics scenarios are only known at leading order (LO)

M(n) and p"t (n: order in perturbation theory) will generally differ since
the relative SM particle contributions to the process may change

— Feasible but easily inaccurate

Jérémy Bernon Imperial College London, 27 February 2015 15



Reduced couplingg ' framework’

Alleviating the previous problems by introducing

£—g[CWmWW“W —|-CZ Z’LLZ]H g Z szmf ffH

COSQW f=t.,b,c,T

C2C?

= #E ) = S

Couplings for processes involving more than one SM particle (ggH, VBF, gg,
vy, Zy) can be obtained as, e.g.,

> CCJU (ggH)

02 _ t,5=t,b,c
ggH 3 GSM(ggH)
1,7=t,b,c
If new decay modes into or particles are open, the

signal strengths are modified as

/L(X, ) — (1 — Binvisible/undetected),LL(X7 )

Jérémy Bernon Imperial College London, 27 February 2015 16



Lilith: a tool for congtraining new phygice
from Higge meagurementa

Presentation
Validation

Imperial College London, 27 February 2015
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Meet Lilith

Python tool: evaluate the Higgs likelihood from

w:—f

the latest experimental signal strengths L '

Based on earlier works on Higgs fits: Light Likelihood fT for the Higag
Higgs Couplings at the End of 2012: Bélanger, Dumont, Ellwanger [JB B Dumont] [arXiv- 1502.04 1 38]
Gunion, Kraml. arXiv:1212.5244 P ' '

L . , | Information, Download:
Status of invisible Higgs decays: Bélanger et al. arXiv:1302.5694 http:/Ipsc.in2p3.fr/proiects-th/lilith/

Global fit to Higgs signal strengths and couplings and implications
for extended Higgs sectors: Bélanger et al. arXiv:1306.2941

(Google: lilith higgs)

All formats of experimental signal strengths are handled: full 2D,
2D contours, full 1D, 1D intervals

All experimental results are stored in a flexible
(updated as new results are published)

Two user input modes: Reduced couplings as inputs

Signal strengths as inputs

Evaluate —2log L for each input points, allow for a statistical
interpretation in the frequentist or bayesian approach

Jérémy Bernon Imperial College London, 27 February 2015 18


http://lpsc.in2p3.fr/projects-th/lilith/
http://arxiv.org/abs/1502.04138

XML experimental databage

——— SRS

o All latest experimental results from ATLAS and CMS (presented earlier) are
available in the Lilith database, superseded results as well

* For clarity one XML file corresponds to one experimental result, for instance,

<expmu decay='""gammagamma' dim="2" type="n">
<experiment>ATLAS</experiment>
<source type="published">HIGG-2013-08</source>

[ATLAS-HIGG-2013-008] ceqrts=748</sqrts>

L o e s e e LA e o e s e <mass>125.4</mass>

- Best fit ATLAS _; <CL>68%</CL>

— 68% CL [Ldt=451" 1s=7TeV

....... 95% CL ILd’[ _ 203" {s<8TeV <eff axis="x" prod="ggH">1l</eff>

X SM e ’ ] <eff axis="y" prod="VBF">1l</eff>

l'LVBF

.. H—>yy,m,=1254GeV 7

<bestfit>
<x>1.361</x>
<y>0.858</y>

</bestfit>

] <param>
] <a>7.393</a>
] <b>0.998</b>
Cl ] <c>1.951</c>
3 35 </param>
“%f </expmu>

\®)
IIII|IIII|IIII|IIII|IIII|II

05

ot
L
—[!
ol
N
N_
(62

/Lilith-1.1/data/ATLAS/Run1/HIGG-2013-08_ggH-VBF_gammagamma_n68.xml

Jérémy Bernon Imperial College London, 27 February 2015 19



XML experimental databage

——— SRS

o All latest experimental results from ATLAS and CMS (presented earlier) are
available in the Lilith database, superseded results as well

* For clarity one XML file corresponds to one experimental result, for instance,

<expmu decay='""gammagamma' dim="2" type="n">
<experiment>ATLAS</experiment>
<source type="published">HIGG-2013-08</source>

[ATLAS-HIGG-2013-008] ceqrts=748</sqrts>

L o e s e T T T T T <mass>125.4</mass>

- Best fit ATLAS S <CL>68%</CL>

— 68% CL © JLdt=451" 1s=7TeV

....... 95% CL ILd’[ _ 203" {s<8TeV <eff axis="x" prod="ggH">1l</eff>

X SM e ’ y <eff axis="y" prod="VBF">1l</eff>

l'LVBF

H — yy, m,=1254 GeV

<bestfit>
<x>1.361</x>
<y>0.858</y>

</bestfit>

] <param>
] <a>7.393</a>
] <b>0.998</b>
Cl ] <c>1.951</c>
3 35 </param>
“%f </expmu>

\®)
IIII|IIII|IIII|IIII|IIII|II

05

ot
L
—[!
ol
N
N_
(62

/Lilith-1.1/data/ATLAS/Run1/HIGG-2013-08_ggH-VBF_gammagamma_n68.xml
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XML experimental databage

——— SRS

o All latest experimental results from ATLAS and CMS (presented earlier) are
available in the Lilith database, superseded results as well

* For clarity one XML file corresponds to one experimental result, for instance,

<expmu decay='""gammagamma' dim="2" type="n">
<experiment>ATLAS</experiment>
<source type="published">HIGG-2013-08</source>

[ATLAS-HIGG-2013-008] ceqrts=748</sqrts>

L o e s e T T T T T <mass>125.4</mass>

- Best fit ATLAS S <CL>68%</CL>

— 68% CL © JLdt=451" 1s=7TeV —

"""" 95% CL [Lat =203 16", \s=8TeV ] <eff axis="x" prod="ggH">1</eff>

X SM e ’ p \ <eff axis="y" prod="VBF">1</eff>

l'LVBF

H — yy, m,=1254 GeV

<bestfit>
<x>1.361</x>
<y>0.858</y>

</bestfit>

<param>
<a>7.393</a>
<b>0.998</b>
<c>1.951</c>

</param>

9gF </expmu>

\®)
IIII|IIII|IIII|IIII|IIII|II

05

ot
L
—
m—l
o,
N_
(O)
w_
(&
(&)

/Lilith-1.1/data/ATLAS/Run1/HIGG-2013-08_ggH-VBF_gammagamma_n68.xml
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XML experimental databage

e

o All latest experimental results from ATLAS and CMS (presented earlier) are
available in the Lilith database, superseded results as well

* For clarity one XML file corresponds to one experimental result, for instance,

<expmu decay='""gammagamma' dim="2" type="n">
<experiment>ATLAS</experiment>
<source type="published">HIGG-2013-08</source>
<sqrts>7+8</sqrts>

[ATLAS-HIGG-2013-008]

T I T T

T T T T <mass>125.4</mass>
+ Best fit ATLAS Y <CL>68%</CL>

—— 68% CL | [Ldt=45" \s=7TeV ]

"""" 95% CL [Lat =203 16", \s=8TeV ] <eff axis="x" prod="ggH">1</eff>
X SM .- ’ 2 s ty"

l'LVBF

el H > vy, my, = 1254 GeV <eff axis="y" prod="VBF">1</eff>

- <bestfit>
<x>1.361</x>
<y>0.858</y>

</bestfit> Bivariate normal distribution
<param> parameitrization

<a>7.393</a> (best-fit+C-1)
<b>0.998</b>
<c>1.951</c>

</param>

qgF </expmu>

\®)
IIII|IIII|IIII|IIII|IIII|II

ot
o_
(0)
L
=
o}
N
N_
(O)
w_
(&
(&)

/Lilith-1.1/data/ATLAS/Run1/HIGG-2013-08_ggH-VBF_gammagamma_n68.xml
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XML uger input: reduced coupling mode

<?xml version="1.0"7>

<lilithinput> “ -
<reducedcouplings> ) -

Higgs mass [123-128] GeV

m
<mass>125</mass> L=g [CWmWWMWu +Cy HZ Z“ZM] H
COS
<C to="tt">1.0</C> : v
<C to="cc">1.0</C> - _ C,—L_ffH
<C to="bb">1.0</C> / gf tzb:c meW ff
-

<C to="tautau"'">1.0</C>
<C to="727">1.0</C> 3 : = _
<€ to="WH">1. 0</Co Multi-labels also defined: uu=(tt, cc), VV= (WW, ZZ) etc
<C to="gammagamma'>1l.0</C>
<C to="Zgamma"'">1l.0</C>

<C to="gg">1.0</C>

<C to="VBF">1.0</C>

If not given, computed internally assuming
SM particles only, at a given precision
with cross sections and partial widths

from HIGLU, HDECAY, VBFNLO

R

<precision>BEST-QCD</precision>

<extraBR>

<BR to="invisible">@.@</BR> Invisible, undetected branching ratios

<BR to="undetected">0.0</BR> e
</extraBR> /L(Xv ) — (1 _ Binvisible/undetected):LL(X7 )
</reducedcouplings> ey . : : .
</lilithinput> Possibility to also define CP-violating couplings

/Lilith-1.1_released/userinput/example_couplings.xml ana arbltrary number of nggs states

Jérémy Bernon Imperial College London, 27 February 2015 20



XML uger input: gignal strengthe mode

<?xml version="1.0"7>

<lilithinput>
<signalstrengths part="h">

<mass>125</mass>
<mu prod="ggH" decay="gammagamma'>1.0</mu>
<mu prod="ggH" decay="VV">1.0</mu>
<mu prod="ggH" decay="bb">1.0</mu>
<mu prod="ggH" decay="tautau'">1.0</mu>
<mu prod="VVH" decay="gammagamma'>1.0</mu>
<mu prod="VVH" decay="VV">1.0</mu>
<mu prod="VVH" decay="bb">1.0</mu>
<mu prod="VVH" decay="tautau">1.0</mu>
<mu prod="ttH" decay="gammagamma'>1.0</mu>
<mu prod="ttH" decay="VV">1.0</mu>
<mu prod="ttH" decay="bb">1.0</mu>
<mu prod="ttH" decay="tautau">1.0</mu>

<redxsBR prod="ZH" decay="invisible">0.0</redxsBR> ™ -
<redxsBR prod="VBF" decay="invisible">0.0</redxsBR> o

</signalstrengths>
</lilithinput>

/Lilith-1.1_released/userinput/example_mu.xm|

Jérémy Bernon

——

p(X, 1) =

1( X invisible) = C% Binvisible
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Running Lilith

e — AR

~/mylilithtest.py

_ import lilith
* Asa (recommended way): 1ilithObj = lilith.Lilith()
1ilithObj.readexpinput()
. 1ilithObj. read inputfile(" input/
Several methods (read input, format of output..)  cxample tountinge ) 0
: - : 1il1ithObj.computelikelihood()
and attributes of the class Lilith accessible to print "—2logL =", 1ilithObj.l

the user. FuIIy documented. bernon@Jeremy:~/Projects/Higgs/Lilith-1.1$ python mylilithtest.py
~2logL = 20.2445863392

Through the

bernon@Jeremy:~/Projects/Higgs/Lilith-1.1$ python run_lilith.py userinput/example_mu.xml

OO
Lilith version 1.1
database version 15.02
<O

. User input: userinput/example_mu.xml

. Experimental input: latest LHC results [data/latest.list]
(20 files, Ndof = 29)

Through the (C/Python API):

Several functions defined, working example shipped with the code.

Jérémy Bernon Imperial College London, 27 February 2015 22



Validity of the bivariate normal approximation (1/Il)

 When only the 68% CL contours in the signal strength planes are provided,
we use a bivariate normal distribution to reconstruct the likelihooad

 We compare the reconstruction and the official results to assess the validity

of this approximation
Lilith 1.1, DB 15.02

4 1 [T T T T [ T T T T [T T T T[T T 1
L Lilith 95% CL CMS-13-001 95% CL _|
— W Lilith 68% CL s CMS-13-001 68% CL A
3 ~ S Lilith best fit <> CMS-13-001 best fit
= :
oy : _
3 n _
m 1F .
= [ i
i - -
-1 IR A AN AN AN AN E AN A A A

00 05 10 15 20 25

p(ggH +ttH, )

:

E
_|_

BF

>
=t

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Lilith 1.1, DB 15.02

T T T [ T T T T [ T T T T [ T T T T [ T ]

Lilith 95% CL ATLAS-2013-13 95% CL
mem Lilith 68% CL  mmm ATLAS-2013-13 68% CL
% Lilith best fit <> ATLAS-2013-13 best fit

0.0 0.5 1.0 1.5 2.0

p(ggH +ttH, W)

Generally very good v
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Validity of the bivariate normal approximation ([(/[()

e

* Deviations from the bivariate normal approximation are however expected for
channels with low statistics, as the Poisson distribution describing the
counting experiment has not yet entered the Gaussian regime, typically: ZZ

TT T T[T T T T[T TTT] |Li|”|t|? |1|']i'|[?B| |1|5'|O|2 8 N N B B N B B B |Li||i1|:h| 1|'1|' |D|B |1|5'|02

10 — Lilith 95% CL CMS-13-002 95% CL ] B Lilith 95% CL ATLAS-2013-21 95% CL |

- = Lilith 68% CL s CMS-13-002 68% CL - . mmm Lilith 68% CL BEm ATLAS-2013-21 68% CL |

38 Y Lilith best fit ¢> CMS-13-002 best fit ] 6 '_ % Lilith best fit {> ATLAS-2013-21 best fit_‘

N gL - N i

N - . N - -

- B 7] -~ 4 |

= 4 r — an ; il

> n ] > B _

+ SC Z + - :

-~ N ] o 2 - -

an u ] M - i

- oF : = -

3 N i 3 - 7

-2r - 0 -

—4 E 3 o |
[ N R B A B A A A A Ny I ENEEN NI B RS AN B A AT B B E AT E I
-0.500 05 1.0 1.5 2.0 2.5 0 1 2 3 4

u(ggH +ttH, ZZ7) u(ggH +ttH, Z77)

e Publication of the full likelihood function would make this approximation
unnecessary
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Validation of the Lilith likelihood againet ATLAS regulte

* Trying to reproduce the official ATLAS and CMS coupling fits (profile
likelihood ratio to derive the confidence intervals)

2.5
2.0

1.5

1.0

5 0.5
0.0
-0.5
-1.0
-1.5

Lilith 1.1, DB 15.02

Lilith 95% CL ATLAS-2014-009 95% CL
== Lilith 68% CL mmm ATLAS-2014-009 68% CL
% Lilith best fit ATLAS-2014-009 best fit

SM prediction

.....
g
o,

0.8 09 10 1.1 1.2 1.3

(Cv,CFr) benchmark scenario

Jérémy Bernon

Cy

1.8 I I D R D R I R

B Lilith 95% CL ATLAS-2014-009 95% CL |

| === Lilith 68% CL mmm ATLAS-2014-009 68% CL _
1.0 — * Lilith best fit ATLAS-2014-009 best fit —

B SM prediction .
1.4 - —
1.2 -
1.0 =
0.8 -
0.6 NI BN RS BN B BN R

0.8 1.0 12 14 1.6
C’Y

Lilith 1.1, DB 15.02

Imperial College London, 27 February 2015
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(C,,Cy) benchmark scenario
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Validation of the Lilith likelihood againgt CMS reulte

* Trying to reproduce the official ATLAS and CMS coupling fits (profile
likelihood ratio to derive the confidence intervals)

Lilith 1.1, DB 15.02 Lilith 1.1, DB 15.02

1T T | 1T T 1T [ T 1T T ] T T 1T [ T ] 1.6|||||||||||||||||||||||||

25 F Lilith 99.7% CL CMS-14009 99.7% CL — B Lilith 99.7% CL CMS-14009 99.7% CL |

- Lilith 95% CL CMS-14009 95% CL - B Lilith 95% CL CMS-14009 95% CL |

20 E""" Lilith 68% CL ~ mmm CMS-14009 68% CL - 1.4 === Lilith 68% CL mmm CMS-14009 68% CL _|

. — % Lilith best fit CMS-140009 best fit ] % Lilith best fit CMS-14009 best fit |

1 5 — SM prediction 7] - SM prediction -

- - 1.2 - —

1.0 = - i i

€3 — - > B _

O 0.5 = E O 1.0 F _

0.0 £ = B :

: - 0.8 - .

—-0.5 F = i i

—-1.0 E 06 _

_15_,,,|,,,|,,,|,,,|,: HE RS NS RS RS RS R
0.6 0.8 1.0 1.2 1.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

CV C’Y

(Cv,CFr) benchmark scenario (C,,Cy) benchmark scenario
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Some applieationg

Global fit
Phenomenological study of a 2HDM
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Sighal etrengtha combination: LHC+Tevatron

———

RO 25 HIIN10, ooy
0% |
s Q> 2.0 - . 2.0
O (P —
6\0 O‘OQ E B E
5% C _
ES i M~
M 1.0- ~ M
< o b 3
0.5 05
e b e e ey OO
0.5 1.0 1.5 2.0 -2 -1 0 1 2 3 4
p(ggF +ttH) p(ggF +ttH)
ﬂggF—l—ttH ﬂVBF—{—VH D
0% 1.25 +£0.24 1.09 4 0.46 —0.30
4% 1.07 £0.15 1.12 4+ 0.36 —0.26
bl_)/TT 0.93 £ 0.42 1.04 4+ 0.23 —0.24
bb 1.02 £ 0.85 0.83 4+ 0.30 0
TT 0.73 £ 0.50 1.35 4+ 0.35 —0.40

Perfectly well compatible with the SM
[JB, B. Dumont, S. Kraml] [arXiv:1409.1588]
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Simple model fit

- RS

 Model : Cy, Cp, Cv, assuming no extra BSM loop or width contributions

«
(o)
\)609 Q\b‘
g o Lith10 ___ CU.CD, eV Liith 1.0 CU, CD, CV Uith 1.0 U, 6D, OV
o" 14| : ] 14| : ] 1.4 : ]
12 : :
- : | >
O 1 _— ------ ’ ------- __ O

0.8 - : -

0.6 | 'm,=125.5 GeV . 0.6 [ 'm, =1255 GeV . 0.6 ['m =125.5 GeV
[ SR T N S R N P I NI T T R T T P PR T T N AT N N NN N | P

0 0.5 1 1.5 2 06 08 1 1.2 14 06 08 1 1.2 14
CD CV CY

In 1D (profiling over other parameters):

Cy = 1.02 4 0.10 om0 Cy =1.04+0.11
Cp = 0.98 4 0.14 v | C, =1.02+0.11

[JB, B. Dumont, S. Kraml] [arXiv:1409.1588]
Jérémy Bernon Imperial College London, 27 February 2015 29
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Invigible branching ratio fite

Lilith 1.0

T T 1 1,
30 L1
Y /

10

[JB, B. Dumont, S. Kraml] [arXiv:1409.1588]
Jérémy Bernon Imperial College London, 27 February 2015 30
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Invigible branching ratio fite

e ——————
Lilith 1.0 I SM+invisible
30 T Bine < 0.11 at 95.4% C.L.

———— SRS

10

A(—2log L)

[JB, B. Dumont, S. Kraml] [arXiv:1409.1588]
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[nvigible branching ratio fite

Lilith 1.0
30

e

10

SM+invisible
Biny < 0.11 at 95.4% C.L.

8
3 6} CuCo Cv<t
,EO _ ' \ _ SM+AC,, ACq +invisible
CT] /R e A i Bino < 0.24 at 95.4% C.L.
a | 2

2 =

0 i

0.0 01 02 03 04 0.5

Binv

[JB, B. Dumont, S. Kraml] [arXiv:1409.1588]

Jérémy Bernon Imperial College London, 27 February 2015
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Invigible branching ratio fite

e

e

10 LMth 1.0 S SM-+invisible
50 Joo B;.,, < 0.11 at 95.4% C.L.
g | i
) 6 | Cu,Cp, Cv<1
an : ; ~ : SM+AC,, AC, +Invisible
D L S 2 Binw < 0.24 at 95.4% C.L.
< Z
2 — Cu Co, G +invisible
: S CU, CD, CV, ACV, ACg
0 L | Binw < 0.34 at 95.4% C.L.
0.0 0.1 0.2 03 04 0.5
Binv

[JB, B. Dumont, S. Kraml] [arXiv:1409.1588]
Jérémy Bernon Imperial College London, 27 February 2015 30
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Invigible branching ratio fite

e

e

10 LMth 1.0 S SM-+invisible
50 S Biny < 0.11 at 95.4% C.L.
g | i
Sy Cu, Cp, Cv<l
,EO : ; ~ : SM+AC,, AC, +Invisible
C\|1 a 20 P s B Biny < 0.24 at 95.4% C.L.
< Z
2 _ Cu, Co, Cv +invisible
\\ SN L CU, CD, CV, ACV, ACg
o Ves o] Biny $0.34 at 95.4% C.L,
00 01 02 03 04 05
Bmv v Still ample room for new decay modes

[JB, B. Dumont, S. Kraml] [arXiv:1409.1588]
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Congtraining extended Higge sectors: a 2HUM example

 Two Higgs doublet model (2HDM): Minimal extension of the SM, including a
second Y=+1 Higgs doublet

Y =m2,® 1 + m2,3ld, — [m2,0]®, + h.c.]
FIA(@1B1)% 4+ LAg(B1D,)? + Ag(D]D1) (BID,) + Ay(®]D,) (1))
F{A0(8]20)2 + [hg(@]02) @]} #50, 1 hc.}

* Hypotheses: , no CP-violation, no flavor changing
neutral current (we consider the so-called Type | and || models)

* Five physical degrees of freedom: 2 CP-even (h, H), 1 CP-odd (A), 2 charged
(H+ ,H-) states

« Free parameters: my, mg, ma, my=, tan 3, sin(a), m?,
tan (0 ratio of the 2 Higgs vevs, a: mixing angle of the CP-even mass matrix

* |Impose constraints from: theory (stability, perturbativity...), STU parameters,
flavor, direct Higgs searches (light and heavy), signal strengths at 125 GeV

Jérémy Bernon Imperial College London, 27 February 2015 31



Signal etrengthe congtraintg in the 2HOM

| Alignment Iimitl\

Lilith 1.0 Type | 2HDM Lilith 1.0 v Type || 2HDM
B ' L N L ] c——
10 3 E 10 3 =
= | = I
= 1 — = 1 [Ferreira, Gunion, <
o - . S - Haber, Santos] 3
. - [arXiv:1403.4736] 1
0-1 = _E 01 E_ —
my=125.5 GeV E m,=125.5 GeV
1 1 1 1 l 1 1 1 1 1 1 1 1 I 1 1 1 1 1 I 1 1 1 1 1 1 I 1 1 1 I 1 1 1 I 1
-1 -0.5 1 -0.2 0 0.2 0.4 0.6
cos(p-a) cos(fp-a)
Type I and II Type 1 Type 11
Cy Cy | Cp Cuy
sin(8 — a) |ca/sg| ca/sp |Ca/sp

Jérémy Bernon

[JB, B. Dumont, S. Kraml] [arXiv:1409.1588]
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Light pseudo-gealar in the 2HOM: ma<m,/2

e —

2HDM Type |, m,;=125.5+2 GeV 2HDM Type I, m;=125.5+2 GeV
0.2 ||||h||| 0.35 Llllllhllll mh — 125'5 :\: 2 Gev
_ o 1H 60 : - ., 1H 60
. e 03 " . g
— ¢ & b
015 I § § 15 50 0.25 | S Hee | -
3 i f 03 Forf 3 i 1 3 Strong constraints on
= ‘ ; 5 015 | ) A - = h125—-AA branching ratio
30 % & 164 30 : :
. | ] o | i f( : frqm the Higgs signal strengths
18 *° 0.05 [ \I 1 2°
0 -lllllllllllllll ........ Illllllllllllll- 10 0 :llllllllllllllllllll ..... lu..l....l...‘l....: 10
40 -30 -20 -10 O 10 20 30 40 -25-20-15-10 -5 0 5 10 15 20 25
8haa [GeV] ghaa [GEV]
2HDM Type |, m;=125.5+2 GeV, m,<m,/2 2HDM Type II, m,=125.5+2 GeV, m,<m,/2
E | 14 5 E I — ————
b e 1 13t i Impossible to achieve SM
§ 0.9 " ] § 1.2 _ _ ! U(gg,VV) and U(ggay]/)
Foq E ;&,“ 3 ] simultaneously.
i _ 0; g 11 LHC Run Il will be able to
07 1 sl 1 testthese scenarios
06 : PR S T S T T ST ST S ST SR TN ST SN N SN ST S S [N T S S S S S S S’ - 07 E PR ST SR SR T SR S ST S ST S S S ; PR S S S T S N ST S S S SR S : 7 o
0.65 0.7 0.75 0.8 0.85 0.9 0.95 0.7 0.8 0.9 1 1.1 1.2 1.3
e, () uh (v)

[JB, J.F. Gunion, Y. Jiang, S. Kraml] [arXiv:1412.3385]
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Light pgeudo-gealar in the 2ZHOM: A—zt croge-gection at LHCE

o(bbA)BR(A—1T) [pb]
o

e —

——

SRR

gg — A — 1T

2HDM Type |, m;=125.5+2 GeV, m,<m,/2

2HDM Type Il, m;=125.5+2 GeV, m,<m,/2

:""l""l""I""l""l""l"”I""l""l""l”"l"": 105 -""I""l'"'l""l'"'I'"'I""I""I""I""I""I"":
Vs=8 TeV Vs=8 TeV
3 1 10t | ;
R
- E T103.— -
=
R 5
- E ’;:‘10 - 3
T
% 1
- E ‘0’10 - 3
MEPEPETE P ETET AT BT ST ST S STSTErErel AT rare B ArErarS SrArSrAr SrATErarel SrArararel SrArararel Srrarare SrArarar 00 PP EPSrErErel SPST ST BYSTSrarE APETSrarS BPATErarS BT arSl SPArErare SrErErarel SrArararel SrArararel Srararer
5 10 15 20 25 30 35 40 45 50 55 60 65 5 10 15 20 25 30 35 40 45 50 55 60 65
my, [GeV] — m4 [GeV]
bbA, A — 1T
2HDM Type |, m,=125.5+2 GeV, m,<m,/2 2HDM Type II, m;,=125.5+2 GeV, m,<m,/2
L BN I I I BLLLL ILLLELE ILELLELE ILRLILE I IME 103 SRR I I I I I I IS I I IRE
Vs=8 TeV [ Vs=8 TeV
3 E 3102- E
2
F 1 8 A
T 10" F -
3 1 =
8 100 | E
3 1 3
)
_ 1 ®10"} E
-...l....l....l....l....l....l....l....l....l....l....l... 10'2 aaad e sl s g ool a gl el s g dlaa oo laa g la g laaaalaag
5 10 15 20 25 30 35 40 45 50 55 60 65 5 10 15 20 25 30 35 40 45 50 55 60 65

Jérémy Bernon

m, [GeV]

m, [GeV]

Very large cross sections in
the Type Il model over the
full ma range:
should produce readily
observable peaks

(’)(10) pb
should be observable
in the current dataset

A—ppl: same shape,
factor 100 smaller

At 14 TeV: gain of
factor~2 in cross section

[JB, J.F. Gunion, Y. Jiang, S. Kraml] [arXiv:1412.3385]

Imperial College London, 27 February 2015
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- Progpects for LHC Run [l
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Progpecte for LHC Run I

B

The likelihood obtained from the LHC Run | measurements has been well
validated against ATLAS and CMS results, however this could change with
LHC Run Il results where systematic uncertainties are expected to
dominate over the statistical ones.

As more (X,Y) combinations will be probed with higher precision, a total
breakdown of the signal strength in terms of the 5 production modes
would be needed

Mass dependence of the likelihood can also provide important information

We advocate the experimental collaborations to provide the signal
strengths in the largest relevant space in a numerical form, /i.e. possibly

(ma, p(ggH, Y), w(ttH, Y), p(VBE, Y), u(ZH, V), u(WH, Y))

Proposals to decouple common systematic uncertainties from the
published results and re-inject them in a later stage have been proposed,

e.g., « A novel approach to Higgs Coupling Measurements »
K. Cranmer et al
[arXiv:1401.0080v1]
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on the Higgs sector already arise from the LHC
precise Higgs measurements

Global fits are necessary since experimental collaborations cannot cover
all new physics scenarios

Lilith is a Python tool that allows to impose the N/
coming from the LHC and Tevatron L

and has been

Light Llkelihood fiT for the Higge
Lilith can be used as a Python library, through a  hitp:/Ipsc.in2p3.fr/projects-th/lilith/
command line interface or a C/C++/Root interface

With more data to be collected during LHC Run Il, the construction of a
combined likelihood would require more detailed experimental inputs

We strongly advocate the experimental collaborations to pursue the
efforts initiated during Run | to make the Higgs measurement results
and by the
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Higge direct gearch/mono-jet interplay

e Signal strengths measurements constraint the Higgs invisible branching
ratio: p(X, 1) = (1 — Binvisible) (X, 1)

 Mono-jet searches can provide competitive constraints (gg—H+1-2j, VBF):
Rinvisible = (%ngH + %C\Q/BF) Binvisible < 1.1 at 95% CL
[Djouadi, Falkowski, Mambrini, Quevillon] [arXiv:1205.3169]
0.6

o
»

o
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|
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o1
|

o
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|
=
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|

B(H — invisible )
o
=

B(H — invisible )
o
®
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0

% 15 2 0

[Bélanger, Dumont, Ellwanger, Gunion, Kraml] [arXiv:1302.5694]
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Higge/ dark matter direct gearcheg interplay
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Light ccalarg in Jhe 2HOM: m=125 Bel/ cage

2HDM Type |, m;=125.5+2 GeV, m,<m,/2 2HDM Type Il, m,=125.5+2 GeV, m,<m,/2
80 " ogoogeves | oateiee ] SO T he [ obs ofs
10 | ; r 10 | E
a2 | ] = | ]
g 5r 18 5T )
"E singg—a;ﬂ — TE 1 — -
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g = — [(2m% —m , + (8m7, —sin 2/ (2m?% + 3m ,
hAA % ( A h) sin 23 ( 12 ( A h)) sin” 23

[JB, J.F. Gunion, Y. Jiang, S. Kraml] [arXiv:1412.3385]
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Light ecalarg in the 2HOM: my=[25 GeV cage

——

2HDM Type |, my=125.512 GeV, m, or m,<mp/2
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[JB, J.F. Gunion, Y. Jiang, S. Kraml] [arXiv:1412.3385]
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Light scalarg in the 2HOM: m=125 GeV/ cage

2HDM Type |, my=125.5+2 GeV, m, or m;<my/2 2HDM Type Il, my=125.5+2 GeV, m;<my/2
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FIG. 13: Signal strengths pll(VV) vs. pll(vy) for the Type I and Type II models. Points with

my4 < myg/2 are shown in red and points with m; < mpg/2 in blue.
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FIG. 14: Branching ratios of H -+ XX (X = h, A) decays vs. ,ufg () for the Type I and Type II

models. Points with m4 < mp /2 are shown in red and points with my < mg/2 in blue.
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Light gcalarg in the ZHOM: my=I25 GeV/ cage
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Coupling fit with Lilith

——

 Example provided: Lilith-1.1/examples/python/CVCF_1dprofile.py:
(CV,CF) benchmark scenario fit

e Using Lilith as Python library + Iminuit (minimization) + matplotlib
(plotting) is very straightforward

m = Minuit(getL, Cv=1, limit_CVv=(0,3), CF=1, limit_CF=(0,3))

m.migrad()

xV,yV,rV = m.mnprofile('CV', bins=300, bound=(0., 3), subtract_min=True)
xF,yF,rF = m.mnprofile('CF', bins=300, bound=(0., 3), subtract_min=True)

8 Lilith 1.1, DB 15.02 Lilith 1.1, DB 15.02
T T T | T T T | T ]

I | I I I I I | I I I |
0.8 1.0 1.2 1.4
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