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Constraining new physics with Higgs results
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Still important ingredient to constrain
extended Higgs sectors.
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Testing theories against exclusion limits from Higgs searches:

HiggsBounds-4

in collaboration with

P. Bechtle, (O. Brein), S. Heinemeyer, O. Stal, G. Weiglein, (K. Williams)

Eur.Phys.J. C74 (2014) 2693 [arXiv:1311.0055]
http://higgsbounds.hepforge.org
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Why HiggsBounds?

@ > (0(100) limits from LEP, Tevatron and LHC experiments available for
various channels / signal topologies.

@ Different levels of applicability: from (almost) model-independent (e.g. at
LEP) to model-dependent (SMI Higgs searches at LHC) limits
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@ HiggsBounds: Fast, convenient, and statistically well-defined tool for
theorists for testing their models against these limits.
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HiggsBounds in a nutshell

User interface

Settings

selection of experimental data

Theory input

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

Output

Is model 95% C.L. excluded?
Observed ratio (upre‘i/ug'g‘?%CL),
channel information

Experimental input
Number of Higgs b L, Initialization
Lmber of TaEs bosons expected/observed 95% C.L. limit

Determine most
assumptions fulfilled?

sensitive analysis
SM likeness, CP, etc.

(1P vs. i)

Apply most
sensitive analysis
(wPed vs. pghs 1) running HiggsBounds
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Statistical procedure

@ HiggsBounds first determines the most sensitive analysis for the model, and

then applies only this exclusion limit.
= 95% C.L. is formally preserved.

@ This procedure may fail if expected exclusion is based on “wrong”
hypothesis (i.e. BG-only in the presence of an (established) signal)

1P T T T

1 5 Yy [ ATLAS Preliminary — Observed CL,

@ Workaround in HiggsBounds-4: ok EoonetoL. ]
[ e7Tev:lat-4s’ 1o il

Test every Higgs boson against its own
most sensitive analysis.

N
(5=8 TeV: [Ldt =20.7 b D20

I
— ,ugsf,/sn and ;LS;‘O/L: depart
from each other

95% CL limit on o/cy,,
=)

(not strictly 95% C.L. exclusion anymore, but

in most cases dilution of C.L. negligible.)

@ For experiments:
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Applying SM Higgs searches to BSM physics

Given a SM Higgs analysis combining N search channels
(i.e. production process x decay process).

The total model-predicted signal rate (normalized to the SM) is then:

Z,I-Vzl €; [c x BR];
Z,’-V:l €i [osm x BRgm];

pred _ ¢; : efficiency of channel /

1

Problem: Experiments often do not publish channel efficiencies ¢;!
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Applying SM Higgs searches to BSM physics

Given a SM Higgs analysis combining N search channels
(i.e. production process x decay process).

The total model-predicted signal rate (normalized to the SM) is then:

N
1 & BR]; - ;
prred = ZNZ’_l[f/[U . BR] o €« effici channel |
=167 10sm X SM i

Problem: Experiments often do not publish channel efficiencies ¢;!
= Have to neglect channel efficiencies!
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Applying SM Higgs searches to BSM physics
Given a SM Higgs analysis combining N search channels

(i.e. production process x decay process).

The total model-predicted signal rate (normalized to the SM) is then:

N
pred __ Zi:l% [0 X BR]’

m , W
>i=1 67 [osm x BRswl

Problem: Experiments often do not publish channel efficiencies ¢;!
= Have to neglect channel efficiencies!

I

Way out: Require that the model is sufficiently SM-like in the relevant channels,
i.e. their relative proportions are similar as in the SM.

If not = Do not apply this analysis (conservative approach).

> more information on SM-likeness test in backup-slides!
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max scenario (MSSM)

Example: mj}
Amh =0 GeV

m'** scenario
M LHC excl.

B LEP excl.
B m, ~ 126 GeV

tan

100 200 300 400 500 600 700 800
My (GeV)

@ SM Higgs combined analysis applies to h in region &~ decoupling limit.
8/ 19
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max scenario (MSSM)

Example: mj}
Amh =2 GeV

m'** scenario
M LHC excl.

B LEP excl.
B m, ~ 126 GeV

tan 3

100 200 300 400 500 600 700 800
My (GCV)

@ SM Higgs combined analysis applies to h in region &~ decoupling limit.

@ Exclusion vanishes if theoretical mass uncertainty taken into account.
ATLAS Physics Jamboree 8 /19
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Current developments

Preparation of new HiggsBounds-4.2.0 release, including
@ new Summer 2014 results from ATLAS and CMS,
e a x? extension for the CMS MSSM h/H/A — 77 search:

[CMS, arXiv:1408.3316]
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2D likelihoods for fixed resonance masses
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http://arxiv.org/abs/1408.3316

Testing theories against observations in Higgs searches:

HiggsSignals

in collaboration with

P. Bechtle, S. Heinemeyer, O. Stdl and G. Weiglein

Eur.Phys.J. C74 (2014) 2711 [arXiv:1305.1933]
http://higgsbounds.hepforge.org
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HiggsSignals: The basic idea

© Take model-predictions of a given (arbitrary) Higgs sector for
mi, T oi(pp = Hi),  BR(Hx = XX),

with k =1,..., N, i€ {ggH, VBF, WH, ZH, ttH}
for N neutral Higgs bosons as the program’s user input.
Optional input: Theo. uncertainties for mass, cross sections and BR's.

@ Calculate the predicted signal strength u for every observable,

€ odel loi(pp = H) x BR(H = XX)]model
Sebg loi(pp — H) x BR(H — XX)]sm

HH—-XX =

© Perform a 2 test of model predictions against all available data from
Tevatron and LHC, using signal rate and mass measurements.

Try to be as model-independent and precise as possible.
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HiggsSignals: The y? evaluation

In the x? evaluation, we try to take into account the correlations of the
major systematic uncertainties, that are publicly known. These are

o fully correlated luminosity uncertainty: AL,
o fully correlated theoretical rate uncertainties: Ao, ABR;.

Other correlations of systematics can be incorporated if publicly known.
The global x? for the signal strength measurements is then given by
~ Tr—1/~
Xp = (A —p)"CH A~ p)

A similar calculation is done for the mass observables = \2,.

T. Stefaniak (SCIPP, UCSC) HiggsBounds /HiggsSignals ATLAS Physics Jamboree
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Validation with ATLAS and CMS results

ATL-CONF-2013-034 CMS-PAS-13-005
10 HiggsSignals-1.1.0 2
using ATLAS Moriond 2013 results — Ho W\‘N Ky
: — Ho2Z le
8 |
o //
6 P —
ES Ka
T 4 1o
g
= 20
Ky
2 1o
29 -
0 Ky
1o
2 2
0 1 2 3 Ky .
1,
ggF+tH 0 1 B 3 1

= Generally good agreement! Main limiting factors / challenges:

Missing public information on signal efficiencies, correlated systematics,. . .
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Observables included in HiggsSignals-1.2.0

in total: 80 signal rate 4+ 4 mass measurements

H = WW = (ol (0/1 jet)

H = WW = (vl (2 jet)

TH = VIVI

H — 27 — 4 (VBF/VH like)
H = 27 — At (ggH like)

H =4y (conv.cntr. high pr)

H — 7y (conv.cutr. low pr,)

H — 7 (conv.rest high pr)

H = 7y (conv.xest low pre)

H — 7y (unconv.cntr. high pr,)
H — ~y (unconv.catr. low pr,)
H — 7y (unconv.rest high pr.)
H %y (unconv.rest low pr,)
H = 77 (conv.trans.)

H = 5y (higH mass, 2 jet, loose)
H — 7y (higH mass, 2 jet. tight)
H = 7y (low mass, 2 jet)

H — 7 (16)

— 77 (ETmiss)
(conv.cntr. high pr()

7
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H =y (unconv.cntr. low pr) [7
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H =y ((‘m\\' trans.)
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H—rr ”yooat(‘d lm«llmd)
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)

)
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t high pr) [7

S TeV
8 TeV]
8 TeV:
S TeV:
8 TeV,
8 TeV]
8 TeV
S TeV:
8 TeV]
8 TeV]
8 TeV
8 TeV]
8 TeV:
S TeV
8 TeV]

7 TeV
8 TeV
8 TeV]
8 TeV:
8 TeV
8 TeV]
8 TeV]
S TeV
8 TeV]
8 TeV]

= WW

ATLAS CMs i 8 TeV| H — WW — 2020 (0/1 jet)
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—_— 8 TeV] VH — VIVW (hadr. V)
—_— 8 TeV] WH —WWW =363
o 8 TeV] H — ZZ — AL (0/1 jet)
———i 8TeV] H = ZZ — 4( (2 jet)
: 8 Tev) ~ (nntagged 0)
8 Tev) ) (untagged 1)
[8 TeV] H = 77 (umtagged 2)
[8 TeV] H vy (untagged 3)
[8 TeV] H = 77 (2 jet. loose)
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8 TeV (ETmiss)
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2
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Example applications
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Example: MSSM benchmark mj*** scenario

Carena, Heinemeyer, Stal, Wagner, Weiglein '13, [arXiv:1302.7033]

tanp

( + HiggsBounds LEP x? extension)

o5 (updated) m, ™ scenario (MSSM) Ax
XX h excl.
> % \_ 204 hIHIA = Tt excl.
20 N ><><: E5X H* excl.
q <;< B . h LEP excl.
%0700 68.3% C.L.
15 3 2>/< 95.5% C.L.
10 § %
5 [ —
100 200 300 400 500 600 700 800 900 1000

T. Stefaniak (SCIPP, UCSC)

Mg/ GeV
x?/ndf = 84.9/83

HiggsBounds /HiggsSignals

30

25

20

15

10
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http://arxiv.org/abs/1302.7033

Example: MSSM benchmark m™°* scenario

Carena, Heinemeyer, Stal, Wagner, Weiglein '13, [arXiv:1302.7033]

40 HiggsSignals—1.2.0 my™°%* scenario (MSSM) sz
5 1 %0% %% % % %%} h excl. 20
35 12070202000 %0 %% h/H/A = 1t excl.
<A % %% @4 - H'excl.
30 § U h LEP excl. 15
b 68.3% C.L.
25 | 95.5% C.L.
[<oR o
§ 20 | 10
15 F
10 5
§‘ - \ e T 'ﬁ 0
100 200 300 400 500 600 700 800 900 1000
My / GeV

x%/ndf = 85.2/83
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Real Higgs singlet extension of the SM

@ consider SM extended by a real Higgs singlet with vev # 0.

m’ = 125.1 GeV

HiggsBounds-4.2.0 + HiggsSignals-1.3.0

68.3% C.L. >
95.5% C.L. Ax
99.7% C.L. 20
[SSST LEP excl. (95% C.L.)
LHC excl. (95% C.L.)
15
3
£ 10
w
5
0

180

m [GeV]
[T. Robens, TS, to appear]
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Real Higgs singlet extension of the SM

@ consider SM extended by a real Higgs singlet with vev # 0.
= doublet-singlet mixing to physical states (h, H)
8hxx = COS Hgfg)hélx- gHxXx = sin HgEl)’\élX

] m’ = 125.1 GeV HiggsBounds-4.2.0 + HiggsSignals-1.3.0
] 68.3% C.L.
95.5% C.L. AX

99.7% C.L. 20
[S==<1 LEP excl. (95% C.L.)
15

LHC excl. (95% C.L.)

ATLAS and CMS should continue searching for
a SM-like Higgs boson (with suppressed rates)
in the full accessible mass range!

R \\\\\\\\\\\\ .
N RN KRR SRR
XX \\\\\\\\\
I RS ORI, i

80 100 120 140 160 180
m [GeV]

[T. Robens, TS, to appear]
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Summary

HiggsBounds and HiggsSignals provide an interface between experiment and
theory. They test the compatibility of BSM theories with latest Higgs data.

@ Improvements in the implementation could be made if signal efficiencies
are given in a more complete way (both for limits and measurements),

@ transparent information about correlations of systematic uncertainties and
their impact on the signal rate measurements is valuable.

New releases of HiggsBounds and HiggsSignals will appear soon, including
@ latest results from the Summer 2014 conferences,

@ CMS MSSM h/H/A — 77 likelihood information.

Feel free to sign up to the mailing list and stay tuned!
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Summary

HiggsBounds and HiggsSignals provide an interface between experiment and
theory. They test the compatibility of BSM theories with latest Higgs data.

@ Improvements in the implementation could be made if signal efficiencies
are given in a more complete way (both for limits and measurements),

@ transparent information about correlations of systematic uncertainties and
their impact on the signal rate measurements is valuable.

New releases of HiggsBounds and HiggsSignals will appear soon, including
@ latest results from the Summer 2014 conferences,

@ CMS MSSM h/H/A — 77 likelihood information.
Feel free to sign up to the mailing list and stay tuned!

Thanks for your attention!
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Backup Slides
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The SM likeness test

Every considered signal topology (= production mode X decay mode) has an individual
signal strength modifier ¢; and SM weight w; (= relative contribution of the signal
topology in the Standard Model):

o — omoaat X Buoaalli = _losu x Bsuli
' [osm X Bsm)i >jlosm x Bsul];

Then, the overall signal strength modifier n is approximated by (neglecting efficiency
effects)

N >
R zc:wiCi = Z’v[:r“wh‘l X Bmodall
- L/,[(f;\j\l X /.;\I\I]/

The SM likeness test succeeds, if

A = max w;‘%‘<e , with dci=¢ —p and € = 2%.
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Performance of the SM likeness test

@ Look at ATLAS H — v~ search, (singleH, vbf, HZ, HW, ttH)sy x (H — v7), at
my = 125 GeV. Weights: w = (87.7%, 6.8%, 1.8%, 3.2%, 0.5%).

@ Left: vary the dominant production mode (singleH) via normalized effective
coupling squared gf,gg (other effective couplings = 1).

@ Right: vary the subdominant production modes (VBF, HZ, HW) via normalized
effective couplings squared g2y = 8277 (other effective couplings = 1).

ATLAS SM H
13 S S| - 13 ATLAS SM H — vy

1.2 1.2

11

11

0.9

0.9

signal strength modifier
-

signal strength modifier
[

. ¢(VBF)
0.8 0.8 4
— s

— c(ggf) ——— dpp—

0.7 0.7
07 08 09 1 11 12 13 07 08 09 1 1.1 1.2 1.3

2 2 — 2
JHgg Juww = 9uzz

gray region: SM likeness test fails.
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Experimental input for HiggsSignals

@ Signal strength measurements:

HH—-XX =

with i € {ggH,

Si€ aa loilpp — H) x BR(H — XX)]model
i€k loi(pp — H) x BR(H = XX)]sm

VBF, WH, ZH, ttH} and efficiencies ¢;.

Vs=7TeV,L<51fb? {s=8TeV,L<19.6fb”

Combined

H - bb (VH tag) | p, =0.94

H - bb (ttH tag)

H - yy (untagged)
H - yy (VBF tag)
H - yy (VH tag)

H — WW (0/1 jet)
H - WW (VBF tag)
H - WW (VH tag)
H - 11 (0/1 jet)

H - 11 (VBF tag)
H - 11 (VH tag)

H - ZZ (0/1 jet)

H - 2Z (2 jets)

u=080+0.14 | CMS Preliminary ~m,, =125.7 GeV 2 4 Ho 722" Sal E
- £ E ! 3
> 3.5 —~Best Fit e
s E -2 A <1 ]
-« = 3 E
- = 25E ATLAS Preliminary 3
= £ 1]
2 o fs=7TeV: [Lot=4610" ]
- (2R Vs=8TeV: [Ldt=20.7 o]
—a] 2

L 110 120 130 140 150 160 170 180

-4 2 0

T. Stefaniak (SCIPP, UCSC)

2 4
Best fit o/ag,, my, [GeV]
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Experimental input in HiggsSignals

The user can directly add/remove/edit observables via text files:

~
# Published at Moriond 2013.

# Data read in from Fig. 25a.

# No efficiencies are given (for this inclusive result)
# Mass uncertainty contains 0.6 GeV (stat) and 0.5 GeV (syst) error.
#(Gauss: 0.8, linear: 1.1)

2013013101 201301301 1

ATL-CONF-2013-013

LHC, ATL, ATL

(pp) ->h->ZZ->41

8 25.3 0.036

11

1.1

124.3 124.3 0.1

4 -1

13 23 33 43

124.3 1.293 1.697 2.194

T. Stefaniak (SCIPP, UCSC) HiggsBounds /HiggsSignals ATLAS Physics Jamboree
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Efficiencies

Valuable information! Is included in HiggsSignals if available.

s

-

Expected signal and estimated background

Event classes ||

SM Higgs boson expected sig

nal (my=125GeV)

Background

Oei | FWHM/2.35| maq = 125GeV

| Total | ggH  VBF VH ttH (GeV) (GeV) (ev./GeV)
T [Untagged0 || 32 | 614% 168% 187% 31% | 1.21 114 33 £04
= | Untagged 1 163 | 876%  62% 56% 05% 1.26 1.08 375 +13
i | Untagged2 || 21.5 | 913%  44%  39% 03% 159 1.32 748 +19
E Untagged 3 || 328 | 913%  44%  41%  02% 247 2.07 1936 +3.0
r~ Dijettag | 2.9 | 268% 725% 06% - 1.73 1.37 L7 A2
~ | Untagged0 || 17.0 | 729% 116% 129% 1.36 1.27 221 05
£ | Untagged 1 37.8 | 835% 84% 71% 1.50 139 943 +1.0
2 | Untagged 2 || 150.2 | 916%  45%  3.6% 1.77 1.54 5705 26
= | Untagged3 || 15 39%  33% 2.61 2.14 1060.9 +35
& | Dijet tight 78.9% ’ 1.79 1.50 34 402
“ | Dijet loose 50.9% 1.87 1.60 124 404
Muon tag 0.2% 1.85 1.52 0.7 +01
Electron tag, 04% 1.88 1.54 0.7 +01
F.’I“"”‘ tag || 2.6% 1.79 1.64 1.8 £01

J

An interface to insert relative efficiency scale factors (' = Einodel /e’SM per

tested parameter point and analysis is provided since HiggsSignals-1.1.

T. Stefaniak (SCIPP, UCSC)
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Complications with multiple neutral Higgs bosons

Any neutral Higgs boson could be responsible for the observed signal.

@ Higgs boson i is assigned to the observable «, if its mass is close
enough to observed signal position:

mi — o] < A/(Ami)2 + (Aa)? = Higgs i assigned
with tuning parameter A ~ 1 (assignment range).

o If multiple Higgs bosons are assigned, their signal strengths are added
incoherently: 1o = > fla,i

e If no Higgs boson is assigned to an observable «, its x? contribution
is evaluated for zero predicted signal strength, p, = 0.

T. Stefaniak (SCIPP, UCSC) HiggsBounds /HiggsSignals ATLAS Physics Jamboree 7/8



Total %2 vs. mass distribution of a SM-like Higgs boson

HiggsSignals provides three different probability distribution functions

(pdfs) for the Higgs mass: box-shaped, Gaussian, box-theo.+Gaussian-exp.

Example: SM-like Higgs boson with Am =2 GeV (and A = 1)

170
160
150
140
130
120
110
100
90
80
70
60

S

N

ape?

box =——

&
Oy Gaussian ===+

box+Gaussian e
| L

Number of assignments

110

T. Stefaniak (SCIPP, UCSC)

115

120 125 130
my, [GeV]
HiggsBounds /HiggsSignals

135

140
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