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Motivation
[

Motivation

m Higgs physics has become one of the most important programs
nowadays in particle physics.

m Higgs couplings are measured to find deviations from the
Standard Model (SM) values.

m We therefore need automatic tools to compare measured Higgs
couplings with new physics model values.
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LHC and Higgs Physics
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Run 1 & Run 2

LHC Run 1 & Run 2

[CMS-HIG-12-028

MS (5=7TeV,L=51fb"5=8TeV,L=53fb"
% T T N
O] 8 Unweighted
) 21500]
E1500 %
'-‘>-'1000*
3
£
gy
2 s00f
2 s
R T B P R - B T T
m,, (GeV)
. . , [ATLAS-HIGG-2012-27]
m Large Hadron Collider (LHC) is the world’s R ‘ ‘
largest and most powerful collider. 8k e ez TS
2o Wowomaz” o,
m Run 1 (2009-2013) : Higgs boson was 5207523:3';’;:31;@3;;
discovered in July 2012, energy scale of 7 & 8 "7} zssiune
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= Run 2 (2015-2018) : Upgraded with a 10
combined energy of 13 TeV.
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Higgs detection channels

Main Higgs production modes

ttH

Vs= 13 TeV

bbH

Run 2 results
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Higgs detection channels

Main Higgs decay modes
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LHC and Higgs Physics
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Two constraining schemes

Higgs Signal Strengths

The Higgs measurements are provided in terms of signal strengths :

exp

p= signal _ oX AXe )
Nssig/lnal [o x A x €]SM
Under 2 conditions :
Observed signal is a sum of SM processes : o =3y y o(X)B(H — Y).
Acceptance, efficiency is the same asinSM: (A x €)x,y = (A x e))S(My.
The signal strengths read :
o(X)B(H—Y
u(x, vy = —2XBH = V) @

o(X)SMB(H — Y)SM"

= Allow a combination of various channels.
=- Be able to perform means of global fits for given models.
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(o] o}

Two constraining schemes

Higgs Reduced couplings

Reduced couplings in Lagrangian

L= CpygmyWrW,H+Crg—2_z1Z,H— S Crg-tt—ffH.  (3)
N—— cos Oy f—tbo 2myy
SM N——— =L,0,C, 7 N —
SM SM

The Reduced couplings :
m Show how the experiments/new physics models deviate from the SM.
m Equal to 1 for the SM, differ from 1 in scenarios of new physics.
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LHC and Higgs Physics
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Two constraining schemes

Signal Strengths & Reduced Couplings relations

The combined signal strengths could be rewritten :

o(X)B(H— Y > x,y effx, v C5C¥
= Zeff)(y sd ( )SM: ~2 ;35N — “)
B(H—Y) Yy C§BSM(H — Y)
Couplings for production modes involving many SM-liked particles :
> CiCjoM(ggH) > CiGjoM(VBF)
i.j=t,b,c i,j=t,b,c
Cop =" . Clgr= , (5)
99H > oPM(ggH) Ve > oSM(VBF)
i,j=t,b,c i.j=t,b,c
Couplings of interest for decay modes :
> CiGriM(H — g9) > GGIM(H = vy, 27)
o2 _ h=tho c2  _ WEWiEber
% Y (H-gg) & T A CEREZ)
ij=t,b,c i.j=W.t.b,c,T
(6)
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ATLAS - CMS data on Higgs signal strengths
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LHC Dataset

Collaboration Analysis Type Reference
ggH — VBF — VH — ttH, H — v 4D matrix HIGG-2016-21
ggH — VBF ,H — Z2Z* 2D contour | [HIGG-2016-22
ttH, VH,H — ZZ* 1D interval HIGG-2016-22
ggH — VBF,H — WW* 2D contour | [HIGG-2016-07
ATLAS WH,ZH,H — bb 1D interval HIGG-2016-29
VBF,H — bb 1D interval | [HIGG-2016-30
ggH — VBF,H — 7 2D contour | [HIGG-2017-07
ttH,H — bb, 77, VV*(WW* + ZZ*) | 3D matrix HIGG-2017-02
ZH, H — invisible 1D grids HIGG-2016-28

ggH — VBF — WH — ZH — ttH, .

CMS H — vy, ZZ* WW* bb, 77, ujt 24D matrix [HIG-17-031]

TABLE — Recommended set of experimental results

VCTP 44, 1 August 2019
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-21/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-22/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-22/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-07/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-29/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-30/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-07/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-02/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-28/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/

ATLAS - CMS data on Higgs signal strengths
O®@0000

ATLAS data for H — bb

ATLAS VH, H(bb)  Vs=13 TeV, 36.1 fb*
—Total Stat.
(Tot.) (Stat., Syst.)
0.68 0.40 +0.55
WH H=— 135 o5 (lo3s .+ lous
+0.50 (+0.34 +0.37
ZH ke 112 s (D33 030
Comb. 0.42 0.24 +0.34
e 1.20 j0.36 Co.ze ) to.zs
P AR SR BRI RN ST B R I

-1 0 1 2 3 4 5 6 7 8
Best fit > for m =125 GeV

Higgs signal strengths for VH, H — bb. arXiv:1708.03299 [hep-ex]
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-29/

ATLAS - CMS data on Higgs signal strengths
[e]e] le]ele]

ATLAS data for H — vy
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Higgs signal strengths for ggH — VBF — VH — top, H — ~~. arXiv:1802.04146 [hep-ex]
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-21/

ATLAS - CMS data on Higgs signal strengths
[e]e]e] Jele]

Log-likelihood function of Higgs signal strengths

Log-likelihood function :
= Used when we compare models with data.

= Not fully provided by the ATLAS/CMS due to complexity in fitting process (only
best fits, uncertainties, correlation provided).

= Not well approximated by Gaussian distribution, since it is highly asymmetric.

= Need for a multi-variable continuous asymmetric distribution.
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ATLAS - CMS data on Higgs signal strengths
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Generalized Poisson Log-likelihood distribution

Issues has been overcome :

Generalize Poisson Log-likelihood to a continuous function of its parameter
[arXiv:physics/0406120]

Incorporate negative correlation in bi-variable cases.
[Statistica Neerlandica (2004) Vol. 58, nr. 3, pp. 349-364]

Drawbacks :
Complicated and may slow down computation process.
Restricted to only 1D and 2D cases.
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https://arxiv.org/pdf/physics/0406120.pdf
http://www.economists.nl/files/20130411-SN2004.pdf

ATLAS - CMS data on Higgs signal strengths
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Variable Gaussian Log-likelihood distribution

1D Gaussian Log-likelihood :

Y
2nogt(n = L var=o?) )

InL
b Define 1D Variable Gaussian linear in Var :
v N _ _ -
Y ) Var(u) = o*o” 4 (0" —o )u—) @)
) [ (p— ﬁ)z
5 10 15 20 —2log L = . 9
x A G T
nte Extended to n-dimension, where the best fit point
-2 £ = (@1, - .., fin) and the covariance matrix :
-4 Variable widt! .
-6 - fneor v N\ C=3(p).pE(p), X(p)=diag(X,...,%n), (10)
R ‘ N _ N
R R R —2logL(p) = (u—p)C (n—p), (1)

x
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Lilith - Usages and Validations
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Meet Lilith 2

Lief

Light Likelihood Fit for the Higgs

http://Ipsc.in2p3.fr/projects-th/

= A public Python tool for applying the Higgs constraints on new physics models’
signal strengths or reduced couplings.

m Based on version 1 by Jérémy Bernon and Béranger Dumont (2015)
m Version 2 with :

Update LHC Run 2 data with luminosity 36fb~', energy scale 13 TeV.

Take into account signal strengths’ asymmetric uncertainties, extended to N-dimension
Log-likelihood.

Added new production modes tHqg, tHW, ggZH, bbH.

rs: SK, TQL, DTN, LDN Lilith: Update to LHC Run 2 results VCTP 44, 1 August 2019



Experimental XML data

<expmu dim="4" type
<experiment>ATLAS</
<source ty

Vo>
periment>
"published">HIGG-2016-21</ source>

<sqrts>13</sqrts>
<mass>125.09</nass>
<CL>68%</CL> <!

optional -->

y="gammagamma">1.0</ef >
sy="gumagamna*>1.0</e5 5>

" gammagamma">1.0</:
cay="ganmagamma">1.0< Jett>

<d1>0.80936</d1>

<d2>2.03724</d2>
<d3>0.65912</d3>
>0.54081</d4>

ATLAS

H e rr.mg= 12500 G0V

Lilith - Usages and Validations
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— Total — Theory — Stat

ATLAS

12500 Gov

2

— Total — Theory — Stat

</bestfit>

<param>
<uncertainty
<uncertainty
<uncertainty
<uncertainty
<uncertainty
<uncertainty
<uncertainty
<uncertainty

<correlation e

<correlation
<correlation
<correlation
<correlation
<correlation
</param>
</expmu>

axis="dl"

~"left">-0.17614</uncertainty>
right!>+0.18695</uncertainty>

left">-0.52695</uncertainty>

right'>+0.60539</uncertainty>

side="right">+0.64205</uncertainty>

y="d1d2">-0.27</correlation>
entry="d1d3">=0.27</correlation>
"d1d4">0.04</correlation>
d2d3">0.02</correlation>
d2d4">0.01</correlation>
"d3d4">-0.10</correlation>

ATL, ATL,
ATLAS o —Tow —Theoy — s ATLAS | owy — T —Thooy — St
Y e & ek
\
o
00204 08 08 1 12 14 18 18 I 0z o4 06 08 T 12
ATLAS z
g
T VE=13Tev, 3.1 fo" os =
H 11, 12500 GeV
N 06
o
o
. a2
os
"
N

T
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-21/

Lilith - Usages and Validations
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XML data - Experimental and User input

User XML Input (Signal strengths)

<?xml version="1.0"2>

<lilithinput>
<signalstrengths part:"h"ﬂ
<mass>125</mass>
<mu ay="gammagamma">1.0</mu>
<mu vv">1.0</mu>
<mu "bb">1.0</mu>

<mu

i}

"tautau">1.0</mu>

Qoo

D oDD 0

00000
LT
K=

<mu ay="mumu">1.0</mu>

<mu decay="gammagamma">1.0</mu>
<mu "WV">1.0</mu>

<mu "bb">1.0</mu>

<mu "tautau">1.0</mu>

<mu decay="mumu">1.0</mu>
<mu
<mu
<mu
<mu p
<mu prod="ttH"

ay="gammagamma">1.0</mu>
"VV">1.0</mu>
"bb">1.0</mu>
"tautau">1.0</mu>
ay="mumu">1.0</mu>

Qoo
D oDD 0
i}

<

00000
W
v

<redxzsBR pr ZH" decay="invisible">0.0</redxzsBR>
<redxzsBR prod="VBF" decay="invisible">0.0</redxsBR>
</signalstrengths>
</lilithinput>

DTN, LDN ilith: Run 2 results VCTP 44, 1 August 2019
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XML data - Experimental and User input

User XML Input (Reduced couplings)

<?xml version="1.0"2>

<1ilithinput>
<reducedcouplings>
<mass>125</mass>

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

[a]

<C to="ee">2.0</C>

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

<C to="tautau">1.0</C>
<C to="mumu">1.0</C>

<C to="ZZ">1.3</C>

<C to="gammagamma">1.0</C>
<C to="Zgamma">1.0</C>

<precision>BEST-QCD</precision>

<extraBR>
<BR to="invisible">0.0</BE>
<BR to="undetected">0.0</BR>
</extraBR>
</reducedcouplings>
</lilithinput>

DTN, LDN Lilith: Update to LHC Run 2 results VCTP 44, 1 August 2019



Lilith - Usages and Validations
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Validations

ATLAS Validations for Reduced Couplings

ATLAS-HIGG-2016-21

16 e e 2008 1506 18 (e o Hli20. 081906
1.4 ; Data from ATLAS-HIGG-2016-21 _f 16 f_ Data from ATLAS~HIGG»2016»21_€
12+ E 14 F E
1.0 - - L ]

F ] 12 - —
& E ] - £ ]
0.8 - E ]

© I ] © 10 F 3
04 & E 08 3
02 F 3 0.6 3
00 Bt vty [ AE ey 0.4 Bt e

06 08 10 12 1.4 0.0 0.5 1.0 15 2.0
Cy c,

Reduced Couplings Validation
(assumed that Cr = C; = Cp = C, and Cy = Cz = Cy)
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Validations

CMS Validations for 2 Higgs Doublet Model (2HDM)

CMS-HIG-17-031

101 Lilith-2.0, DB 19.06 101 Lilith-2.0, I'Dlyi 1? 06

RERR GBI BRI RRREN nRR

. Q

= 0 = 0

g 10 3100 ¢

g < 5
2HDM Type-| R r 2HDM Type-li
Data from ] L Data from CMS-HIG-17-031 |
CMS-HIG-17-031

10_1 1 1 L « = CMS official 95% CL 1071 L L L * « CMS official 95% CL
-06 -04 -0.2 00 02 04 06 -0.1 0.0 0.1 0.2 0.3 04 05 0.6
cos(ff—a) cos(f—a)

Validations for 2 Higgs Doublet Model (2HDM)

Run 2 results VCTP 44, 1 August 2019




Status of Higgs coupling fits

Lilith - Usages and Validations
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Compare Higgs coupling fits between ATLAS vs CMS dataset

1.4
1.3
1.2
“ 1.1
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L L R R
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Cy
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Overlap between ATLAS vs CMS Reduced couplings fits
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Status of Higgs coupling fits

Higgs coupling fits for Run 2 and Run 2 + Run 1 dataset

1.3 0. DB .00 13 e B
1.2 — _ 12 F 3
11E E 11k =
SOk ] O ]
1.0 - + 4 1.0 - -
09 [ 3 0.9 | =
08 L Ll Ll i Y N T T T
0.9 1.0 11 1.2 08 09 1.0 1.1 12
oy c,
Cr Cy Cy C,
Run 2 1.066 1.062 1.066 0.999
+0.066 [ -0.065 | +0.030 [ -0.030 | +0.051 [ -0.050 | +0.055 [ -0.053
Run 241 1.048 1.059 1.070 1.004
+0.056 [ -0.055 | +0.025 [ -0.025 | +0.043 | -0.043 [ +0.048 | -0.047

Reduced Couplings best fits and uncertainties
from Combined ATLAS-CMS Run 2 (and Run 2 + Run 1) dataset.
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Conclusion

m Investigated the Higgs Reduced Couplings scheme.

m Incorporated ATLAS-CMS Run 2 data on Higgs Signal Strengths
to constrain Higgs Reduced Couplings.

m Introduced Lilith, a Python tool that constrains new physics

models as well as compares and combines ATLAS-CMS, Run 2 &
Run 1 results.

Further information about Lilith :  http://lpsc.in2p3.fr/projects-th/lilith/
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Conclusion
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Thank you for your attention!
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Backup Slides

<expmu decay="bb" dim="1" type="p">

<experiment>ATLAS</experiment>

<expmu decay="bb" dim="1" type="p">

<experiment>ATLAS</experiment>

<source type="published">HIGG-2016-29</source> <source type:
<sqrts>13</sqrts> <sqrts>13</sqrts>
<mass>125</mass> <mass>125</mass>

<eff prod="zH">1</eff>

<bestfit>1.12</bestfit>

<eff prod="WH">1</eff>

<bestfit>1.35</bestfit>

<param> <param>
<uncertainty side="left">-0.45</uncertainty> <uncertainty
<uncertainty side="right">0.50</uncertainty> <uncertainty s
</param> </param>
</expmu> </expmu>
T T T
ATLAS VH, H(bb)  Vs=13 TeV, 36.1 fb™
—Total Stat.
(Tot.) (Stat., Syst.)
+0.68  (+0.40 +0.55
WH o=+ 1.35 L5 (Z038 045
. +0.50  +0.34 +0.37
ZH G 112 G55 (Z33+ 2030
Comb. Heo-- +0.42 +0.24  +0.34
1.20 L35 (Z023+ 028
IS S I B I I I U B

-1

DTN, LDN

Best fit uf® for m =125 GeV

Run 2 results

published">HIGG-2016-29</source>

"left">-0.59</uncertainty>
right">0.68</uncertainty>

VCTP 44, 1 August

0OO0®0000000000
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A need for generalized Poisson Log-likelihood

Poisson probability mass function :

Neg=A
f(k;\) = e (13)
Poisson Log-likelihood function :
log[f(k; A\)] = =X+ klog A — log k!. (14)
Issues :
Generalize Poisson Log-likelihood to a continuous function of its parameter
[arXiv:physics/0406120]

Incorporate negative correlation in multi-variable cases.
[Statistica Neerlandica (2004) Vol. 58, nr. 3, pp. 349-364]

Authors: SK, TQL, DTN, LDN Lilith: Update to LHC Run 2 results VCTP 44, 1 August 2019
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ATL — Total — Theory — Siat ATLAS

Foerr.m,= 12500 GeY Foerrm,=12stacay 1o — Theory — Siat

2.

<expmu dim="4" type=nvn">

<experiment>ATLAS</experiment
<source type="published">HIGG-2016-21</sonrce>
<sqrts>13</sqres>
<mass>125.09</mass>
<CL>68%</CL> <!-- option

cay="gammagamma">1.0</ef£>

"gammagamma“ >1.0</ef > ATLAS — Total — Theoy — Siat ATLAS — Total — Theory — Stat
om0 e L e oo L mmemmen
'gammagamma">1.0</e£f> ERES i
Y e Y
<bestfit> 125
<d1>0.80936</d1> E
<d2>2.03724</d2> o8- /
<d3>0.68912</d3> oo
<d4>0.54081</dd> a4
</bestfit>
ozt
<cparam> N L
<uncertainty left">-0.17614</uncertainty> o Hes
<uncertainty a right">+0.18695</uncertainty>
<uncertainty Left>-0.52695< /uncertainty> ATLAS s
<uncertainty right!>+0.60539</uncertainty> . st s " -3
<uncertainty a Lleft">-0.80568</uncertainty> o [t
<uncertainty right">+0.89033</uncertainty> wms o6
<uncertainty side="left">-0.55073</uncertainty>
<uncertainty axis="d4" side="right'>+0.64205</uncertainty> oa
<correlation d1d2">-0.27</correlation> e o2
<correlation d1d37>-0.27</correlation>
<correlation entry="d1d4">0.04</correlation> o
ry="d2d3">0.02¢</correlation>
d2d47>0.01</correlation> . 0z
d3d47>-0.10</correlation> o
</expmu> s

TABLE — Recommended set of experimental results

L, DTN, LDN ith: Update to LHC Run 2 results VCTP 44, 1 August



1(VBF,7)

—95% CL
- 68% CL
S Best it
+sm

Data from ATLAS-HIGG-2017-07:
Var. Gaussian fitted to ATLAS 95% CL contour

ATLAS official

n(ggH,77)

3 4

Conclusion
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<cxpmu decay-"tautau" dim-"2" type
xporiment>ATLAS</cxperiment>
~vpublished">HIGE-2017-07</source>
/sqres>

nynts

optional -->

<eff a
<eff a

"ggH">1.0</eaff>
L0</eff>

<y>1.1998058252427213<
</besttit>

<param>
<uncertainty
<un
un ~"left">-0.562319990147</uncerlainly>
<uncerlalaly de-"right">+0.62291154423</ uncerlainly>
ioreelationeo. 451624456885x/!u11«7(\ Lon>
</paran>
</expmu>

TABLE — Recommended set of experimental results

Update to LHC Run 2 results

VCTP 44
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log L(px, py) = log L(ux) + log L(ky|px), (15)
where the marginal likelihood for the channel X is given by

log L(kx) = —vxx(kx — fix) +vxlog[1 + vx (kx — £x)], (16)
and the conditional likelihood for the channel Y given the channel X

~ ~ f b
log L(pylux) = f(ux, py) — f(fix, fiy) + vy log M (17)
f(fix, fiy)

Here the function f reads
A 1 N 1
f(a,b) = —vyvy (b— fy + 7) exp [an — (6% =) vxyx(a— fox + 7)} , (18)
4% X

where « is solved numerically from the correlation expression

vxvy (6% —1)

WW [+ vy (enxten 12 —1)]

p=

; (19)
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Sources of uncertainties

Source of uncertainties [CMS-NOTE-2011-005 ; ATL-PHYS-PUB-2011-11] :

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

m Theoretical uncertainties :
PDF, QCD scale, ...

Causes of asymmetric uncertainties [arXiv:physics/0406120] :

= Nonlinear dependency of u on some nuisance parameters (systematic rather than
statistical).

m Extraction of results due to limitation in number of events recorded.
= Need for a multi-variable continuous asymmetric distribution.
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S Validations

ATLAS-HIGG-2016-22
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Constraints in the 2HDM

Using the Run 2 (Run 2 + Run 1) results of DB 19.06, assuming that no contribution
from new particles, as well as invisible or undetected decays, we find

Cr =1.086799 (1.048799%), Cy =1.062+0.030 (1.059 +0.025)  (20)
with a correlation of 0.31.

Cq =1.066100% (1.0707992), C, =0.9997 33 (1.00473%%8)  (21)

with correlation —0.52 (—0.51) from Run 2 (combining Run 2 and Run 1) results.

Lilith-2.0, DB 19.06 Lilith-2.0, DB 19.06
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