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Standard Model Higgs Sector

Massive W, Z bosons [vukawa, 1935]

=

start with SU(2) gauge theory ke QED with massless W, 2]
include measured masses £ ~ —my 7 A, A"
data driven but not gauge invariant/unitary

) D OSO:

Unitarity

test theory in WW — WW scattering

— A x GFE2 like Fermi’s theory, not Unitary above 1.2 TeV [barely LHC energy]
— postulate additional scalar Higgs boson to conserve unitarity
— fixed coupling gwwr < my

add fermions and test WW — ff

— fixed coupling ggy o< my/my,

test new theory in WW — WWH

— fixed coupling grpr o< m2,/my

final test: WW — HHH

— fixed coupling gppm o m2,/m?,

Higgs couplings non-negotiable
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I —- Massive W, Z bosons [vukawa, 1935]
Higgs to bottoms — start with SU(2) gauge theory [ike QED with massless W, 2]
ra’“‘” chains - include measured masses £ ~ —myy zAuA*
Wiitjij = data driven but not gauge invariant/unitary

Spontaneous symmetry breaking (Higgs, 1964]

— break symmetry through vacuum: SU(2) doublet with vev  [review: arxiv.0910.4182]
— first attempt: renormalizable Higgs potential (does ail we want]

ﬁHiggs = ‘Dud"z -V 2

2
V=2 (\cb\z - %) = 1?02 + A|®|* + const
— not the whole story with new scale A
2+4n
An . VP
v=>" o <\¢| - ?>
n=0

— D6 Higgs operators allowed by e-w precision data

1 1
Okin = Eaﬂ(dﬂ<1>)a“(<1>*<1>) Opot = —§(<1>*<1>)3

= need to test renormalizable Higgs sector



Higgs@LHC

Higgs Production and Decay

Tilman Plehn

T — Higgs searches for the LHC

Higgs to bottoms — unitarity limit my < 1 TeV
triviality & stability bound
electroweak precision tests my < 200 GeV

Markov chains

Higgs sector

WBF-SUSY — production & decay of light (Standard Model) Higgs
Y signal x trigger H — bb
99 H backgrounds H— Ww
gg : ;7?7_/ < | systematics = |H—= 1,
4G — WH S/VBvs. S/B H — vy
mass resolution... H— pp...

gg—~H

T T T
a(pp—=H+X) [pb]
Vs=14TeV

M, =175 GeV
CTEQ4M

bb

BR(H)

600 800
M, [GeV]

200
M, [GeV]

500

1000



Higgs@LHC

Tilman Plehn

Higgs Sector
Higgs to bottoms
Markov chains
Higgs sector

WBF-SUSY

Higgs Production and Decay

t w,z
Higgs searches forthe LHC 1

— unitarity limit my < 1 TeV
triviality & stability bound

electroweak precision tests my < 200 GeV o WZ
— production & decay of light (Standard Model) Higgs
Some numbers

- H—-ZZ - 4u no-brainer [‘golden channel’ above 140 GeV, mass resolution excellent]
— H — WW only slightly harder, no mass peak (above 150 GeV, off-shell still unclear]

— 99 — H — 7 (massresolution amy, /mpy ~ T/+/3 < 0.5%]

- g9 — qqH — qqWW  [gownto my < 120 GeV] g fasont 2 i
= (no K-factors) A H 220 o4l
- qq — qu — QQTT [important for MSSM] g’ i ATLAS :q:{ Yv:/;’;vv;(_lw
= 4 qq - qqm
— more channels, comments from 2006 -4 Totd snficance

g9 — ttH — tTbb [ikely dead]

99 — tZH — tzWW llikely to work] /\_7
ag — ttH — ttT7T  [yetunclear] 0
qE]/ — WH — Wbl_) [killer QCD backgrounds] <
qq — qqH — qgbb (o ATLAS trigger] \7< \
qq — qqH — qqQupL  tiong shoy \
= many channels to test Higgs R T

m,, (Gev/c?)
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Higgs Sector New strategy for H — bb  [Butterworth, Davison, Rubin, Salam]

Higgs to bottoms

desperately needed for light Higgs  [2/3 of all Higgses; inclusive CMS S/B ~ 1/80]

S: large my,, boost-dependent Ry,
B: large my,, only for large Ry,
S/B: go for large mp, and small Ry, so boost Higgs

fat Higgs jet Rpp ~ 2my/pr ~ 0.8
— qq — VyH, sizeable in boosted regime (o1 > 300 GeV, few % of total rate]

Markov chains

Higgs sector

WBF-SUSY

Vo, do/dp;
10 3 ttH: pr
.37 N
10 = S, ttHipry
107l ! ! Wil Pry - WH; P
0 100 200 300 400 500 600 700

p;[Gev]
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Higgs to bottoms

New strategy for H — bb  [Butterworth, Davison, Rubin, Salam]

— desperately needed for light Higgs (23 o all Higgses; inclusive CMS S/B ~ 1/80]

— S:large myp, boost-dependent Ry,
B: large my,, only for large Ry,
S/B: go for large mp, and small Ry, so boost Higgs

— fat Higgs jet Rpp ~ 2my/pr ~ 0.8
— qq — VyH, sizeable in boosted regime (o1 > 300 GeV, few % of total rate]
= non-trivial challenge to jet algorthms

jet definition | os/fo | osffb | S/vVBso
C/A, R = 1.2, MD-F 0.57 0.51 4.4
ki, R=1.0, you 0.19 | 0.74 1.2
SISCone, R = 0.8 0.49 | 1.33 2.3




Higgs@LHC

Tilman Plehn

Higgs Sector
Higgs to bottoms
Markov chains
Higgs sector

WBF-SUSY

Higgs to bottoms

New strategy for H — bb  [Butterworth, Davison, Rubin, Salam]

= non-trivial challenge to jet algorthms

desperately needed for light Higgs  (2/3 of all Higgses; inclusive CMS S/8 ~ 1/80]

S: large myy, boost-dependent Ry,
B: large my,, only for large Ry,

S/B: go for large mp, and small Ry, so boost Higgs

fat Higgs jet Rpp ~ 2my/pr ~ 0.8

qq — V,H) sizeable in boosted regime [y > 300 GeV, few % of total rate]

Results and checks

combined channels V — ¢4, vv, bv
NLO rates [bbV notorious, not from data alone]
Z peak as sanity check

checked by Freiburg  ([piquadio]
subjet b tag excellent  [70%/1%]
charm rejection challenging
my + 8 GeV tough

discovery channel for ~ 40fb—!

Events / 8GeV / 30fb™

Events / 8GeV / 30fb™

16f-(@)

B=2
14500 112-128GeV.

SNB=

4R

Events / 8GeV / 30fb*
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Saving ttH

Traditional ﬁH, H— bZ) [Atlas-Bonn study, CMS-TDR even worse]
— trigger: t — bW+ — blty ~
reconstruction and rate: t — bW~ — bjj
— continuum background {tbb, t1jj weighted by b-tag)

— no chance:
1— combinatorics: mp, from pp — 4byag 2 Lv

Fraction of events

200 40 60 80 100 120 140 160 180 20
Number of choices
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Saving ttH

Traditional ﬁH, H— bt_) [Atlas-Bonn study, CMS-TDR even worse]
— trigger: t — bW+ — blty ~
reconstruction and rate: t — bW~ — bjj
— continuum background {tbb, t1jj weighted by b-tag)

— not a chance:
1— combinatorics: my in pp — 4byag 2j Lv
2— kinematics: peak-on-peak

Fraction of events

Number of choices

g8

[CJttH(120)

8

@ ttbb (QCD)
[Ditbb (EW)

Events / 10 GeV
8 3

8

=

00 250 300 350 40

m,, (GeV)
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Saving ttH

Traditional ﬁH, H— bB [Atlas-Bonn study, CMS-TDR even worse]

— trigger: t — bW+ — blty ~
reconstruction and rate: t — bW~ — bjj

Fraction of events

— continuum background ttbb, ttjj weighted by b-tag]

— not a chance:
1— combinatorics: my in pp — 4bag 2j tv
2— kinematics: peak-on-peak
3— systematics: S/B ~ 1/9

20 20 60 80 100 120 140 160 180 20

Number of choices

g"’" CJuH(120)
O 4 i
=] @ ttbb (QCD)
= 60l [Ettbb (EW)
2
S 0]
>
w 20|
0!
0 00 250 300 350 40
m,, (GeV)
TOR reconsrudiion meihod
Likelihood reconsruction
7] LH high lumi
L realisic low lumi)
‘%I\
1 S
S, S
o 100 110 130
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Traditional ttH, H — bb

Saving ttH

— trigger: t — bW+ — blty ~
reconstruction and rate: t — bW~ — bjj

— not a chance:

[Atlas-Bonn study, CMS-TDR even worse]

— continuum background ttbb, ttjj weighted by b-tag]

1— combinatorics: my in pp — 4bag 2j tv

2— kinematics: peak-on-peak
3- systematics: S/B ~ 1/9

Fat jets analysis [TP, Salam, Spannowsky]

— S:large myp, boost-dependent Ry,

B: large my,, only for large Ry,

S/B: large mp, and small Ry ; correct bottom palr boosted [soives 1]

— pp — tptyHp even better than VH?

also boost different for S and B
— cool: fat Higgs jet + fat top jet

[solves 2]

uncool: QCD [pitmaier et al: K = 2.3 for tfbb]

— see how far we get...

[watch S/ B for 3]

21
10
10

10

Wij: pry - WHE PR

1o, do/dp;

ttH: p;,

I
100 200 300 400

500 600 700
p;[Gev]
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Saving ttH
Traditional t?H, H— bB [Atlas-Bonn study, CMS-TDR even worse]
— trigger: t — bW+ — blty ~
reconstruction and rate: t — bW~ — bjj

— continuum background ttbb, ttjj weighted by b-tag]

— not a chance:
1— combinatorics: my in pp — 4bag 2j tv
2— kinematics: peak-on-peak
3— systematics: S/B ~ 1/9

Analysis

— require tagged top and Higgs
trigger on lepton

— remove ‘Higgs’ as t, — b plus QCD
3rd b tag in continuum
only continuum ttbb left

per1fb! signal ftz fibb  ti+jets
events after acceptance 241 6.9 191 4160
events with one top tag 10.2 29 704 1457
events with mp, = 110 — 130 GeV 29 | 044 126 116
corresponding to subjet pairings 3.2 | 047 138 121
subjet pairings two b tags 1.0 | 0.08 2.3 1.4
including a third b tag 0.48 | 0.03 1.09 0.06
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Saving ttH

Traditional t?H, H— bB [Atlas-Bonn study, CMS-TDR even worse]

— trigger: t — bW+ — blty ~
reconstruction and rate: t — bW~ — bjj
— continuum background ttbb, ttjj weighted by b-tag]
— not a chance:
1— combinatorics: my in pp — 4bag 2j tv
2— kinematics: peak-on-peak
3- systematics: S/B ~ 1/9

Analysis ; . . ‘ ‘ .
Y 06 L do/dmyy [fb/5 GeV] (tH -

— require tagged top and Higgs e
q ag p 99 i1tj w2z |

trigger on lepton 04 r

e tibh
— remove ‘Higgs’ as t; — bplus QCD 02 + =\

N

3rd b tag in continuum \§§\

Only continuum ttbb left ()'.'6 | do/dmy; [fb/5 GeV] (H -
My ‘ S S/B S/\/Eworb*l I,M e
115 | 57 1/21 5.2 (5.7) 04 f ’(’/}j 7777
120 | 48 1/2.4 4.5(5.1) _ R - S
130 | 29 1/3.6 2.9 (3.0) 0.2 1R T~

= just a suggestion... 0 MMM

30 60 90 120 50 180
m;, [GeV]
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Top and Higgs tagging

Higgs tag for busy QCD environment [goRs; TP salam, Spannowsky]

— uncluster one-by-one: j — ji + jo
1-unbalanced m;, > 0.8m; means QCD; discard j»
2—soft m;, < 30 GeV means QCD; keep ji

— double b tag [possibly add balance criterion]
three leading J = pr 107,2(ARs2)* vs mii}
no mass constraint — side bin
— jets everywhere; underlying event and pileup deadly
filter reconstruction jets
decay plus one add'l jet at Ry ~ R;/2
reconstruct masses w/ QCD jet
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Top and Higgs tagging
Higgs tag for busy QCD environment  (8pRs; TP, Salam, Spannowsky]

— uncluster one-by-one: j — ji + jo
1-unbalanced m;, > 0.8m; means QCD; discard j»
2— soft m;, < 30 GeV means QCD; keep j

— double b tag [possibly add balance criterion]
three leading J = pr,1o7,2(AR;2)* vs mill
no mass constraint — side bin
— jets everywhere; underlying event and pileup deadly
filter reconstruction jets
decay plus one add'l jet at Ry ~ R;/2
reconstruct masses w/ QCD jet

H EPTopTagger [TP, Salam, Spannowsky, Takeuchi; cf Johns Hopkins, Princeton, Washington]

— known for heavy resonances [Johns Hopkins, Stony Brook, Princeton, Washington, Michigan, Atlas,...]

0.25 — T T T T T T

— testable top tagger?

— start like Higgs tagger [r=1.5, fittering]
m;ec = 150...200 GeV 0.15
mi® = 60...95 GeV
additional mjb constraint [newin public version]

— no side bands to check

= tagger implemented by ATLAS " T s 10 120 10 160 150 200 220

miy m]
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oo Secor Higgs tag for busy QCD environment  [BDRs: TP, Salam, Spannowsky]
Higgs to bottoms — uncluster one-by-one: j — ji + jo
Markov chains 1-unbalanced m;, > 0.8m; means QCD; discard j»
Higgs sector 2— soft m;, < 30 GeV means QCD; keep j
WBF-SUSY — double b tag [possibly add balance criterion]

three leading J = pr 1p7 2(AR2)* vs mgllt)
no mass constraint — side bin

— jets everywhere; underlying event and pileup deadly
filter reconstruction jets
decay plus one add'l jet at Ry ~ R;/2
reconstruct masses w/ QCD jet

H EPTopTagger [TP, Salam, Spannowsky, Takeuchi; cf Johns Hopkins, Princeton, Washington]

— known for heavy resonances [Johns Hopkins, Stony Brook, Princeton, Washington, Michigan, Atlas,...]
— testable top tagger?

— start like Higgs tagger [r=1.5, fittering]
m = 150...200 GeV
mi® = 60...95 GeV
additional mjb constraint [newin public version]
— no side bands to check
tagged

= tagger implemented by ATLAS 5L

X

top |

. Number of tops,

=3

| |
200 300 400 500
p,[GeV]
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oo Secor Higgs tag for busy QCD environment  [BDRs: TP, Salam, Spannowsky]
Higgs to bottoms — uncluster one-by-one: j — ji + jo
Markov chains 1-unbalanced m;, > 0.8m; means QCD; discard j»
Higgs sector 2— soft m;, < 30 GeV means QCD; keep j
WBF-SUSY — double b tag [possibly add balance criterion]

three leading J = pr,1o7,2(AR;2)* vs mill
no mass constraint — side bin
— jets everywhere; underlying event and pileup deadly
filter reconstruction jets
decay plus one add'l jet at Ry ~ R;/2
reconstruct masses w/ QCD jet

H EPTopTagger [TP, Salam, Spannowsky, Takeuchi; cf Johns Hopkins, Princeton, Washington]

— known for heavy resonances [Johns Hopkins, Stony Brook, Princeton, Washington, Michigan, Atlas,...]
top inside R=1.5

— testable top tagger? T inside fatjet
— start like Higgs tagger (r=1.5,fitering] oef Ir——'“'“'“r
m = 150...200 GeV =
0.6

m'e¢ = 60...95 GeV ol

W. . . tagged
additional mjb constraint  [new in public version] OAI_|_|—

— no side bands to check o
= tagger implemented by ATLAS

tagged with QCD

| | |
200 300 400 5
p,[GeV]
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Markov chains

Probability maps

honest LHC parameters: weak-scale Lagrangean  (Higgs, MSSM, dark matter,...]

problem in grid: huge phase space, find local best points?
problem in fit: domain walls, find global best points?

likelihood map: data given a model p(d|m) ~ |M|?(m)
Bayes! theorem: p(m\d) = p(d\m) p(m)/p(d) [p(d) normalization, p(m) prejudice]

= given measurements: 1— compute map p(d|m)
2—rank local maxima
3- derive probabilities for parameters

Markov chains

— classical: representative set of spin states
compute average energy on this reduced sample
— BSM physics: map p(d|m) of parameter points
evaluate same probability or additional function
— Metropolis-Hastings
starting probability p(d|m) vs suggested probability p(d|m’)
1— accept new point if p(d|m’) > p(d|m)
2— or accept with p(d|m’)/p(d|m) < 1
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Weighted Markov chains [Lafaye, TP, Rauch, Zerwas; Ferrenberg, Swendsen]
Higgs Sector

Higgs to bottoms — special situation

VET @Y GiErD measure of ‘representative’: probability itself
e — example with 2 bins, probability 9:1
LS 10 entries needed for good Markov chain

2 entries needed if weight kept
— binning with weight would double count
bin with inverse averaging

bincount
Poin(P # 0) = —pineont —
SR

— good choice for O(6) dimensions
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H Weighted Markov chains [Lafaye, TP, Rauch, Zerwas; Ferrenberg, Swendsen]
iggs Sector

iodaiclotons — special situation

Markov chains measure of ‘representative’: probability itself

Al EEsr — example with 2 bins, probability 9:1

WBF-SUSY 10 entries needed for good Markov chain

2 entries needed if weight kept

— binning with weight would double count
bin with inverse averaging

bincount
Pyoin(p # 0) =

mecount

— good choice for O(6) dimensions

Cooling Markov chains [Lafaye, TP, Rauch, Zerwas]

— need to zoom in on peak structures

— modified condition [inspired by simulated annealing]
Markov chain in 100 partitions, numbered by j

p(m’)
p(m)
— check for parameter coverage with many Markov chains

100
>ric with ¢ ~ 10, re[0,1] random number
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e Gesty Getting rid of model parameters 10
&
Higgs to bottoms — poorly constrained parameters o1
Rlaitolclialne uninteresting parameters
Higgs sector Unphysical parameters [JES part of m; extraction]
LS — two ways to marginalize likelihood map
. agge 0.45
1— integrate over probabilities 0.4
normalization etc mathematically correct o
integration measure unclear E o
. . . . > .
noise accumulation from irrelevant regions 015
classical example: convolution of two Gaussians oo

0

0 200 400 600 800 1000
my
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Frequentist vs Bayesian

Getting rid of model parameters

N
|

poorly constrained parameters
uninteresting parameters
unphysical parameters  [Jes part of m; extraction]

two ways to marginalize likelihood map

integrate over probabilities

normalization etc mathematically correct
integration measure unclear

noise accumulation from irrelevant regions
classical example: convolution of two Gaussians

profile likelihood L(.., Xj_1, Xj11....) = maxy; L(Xq,..

no integration needed

no noise accumulation

not normalized, no comparison of structures
classical example: best-fit point

childish civil war if applied to same question
frequentist: flavor, Higgs....
Bayesian: dark matter, new physics,...

simply: two questions, two answers

m,

1000

800

600

400

200

V(m)
°
S

0 200 400 600 800 1000
my

. Xn)ao
70

60
50
40
30
20
10

0

V(m)

0 200 400 600 800 1000
my
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Higgs couplings

Higgs-sector analysis at the LHC [Zeppenfeld, Kinnunen, Nikitenko, Richter-Was; Diihrssen et al.]

optimistic LHC scenario: everything working and good data
Higgs vs. scalars? SM vs MSSM? doublet vs. general Higgs?
light Higgs around 120 GeV: 10 main channels (o x BR) [bbchannel new]

measurements: GF : H — ZZ, WW, ~v~
WBF : H — ZZ, WW,~~, 77

VH:H — bb [Butterworth, Davison, Rubin, Salam]

ftH : H — ~v~, WW, (bb)...

parameters: couplings W, Z,t,b,7,g,~ Iplus Higgs mass]

hope: cancel uncertainties

(WBF : H— WW)/(WBF : H— 1)
(WBF : H— WW)/(GF : H— WW)...

Signal significance

JLdt=30fb"
(noK-factors)
ATLAS

H o yy
= UH(H - bb)

4 deH - qqT

2z - 41
H ww® iy
qaH —~ aqww

Total significance

160 180 200
m,, (Gevic?)
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Higgs Sector HiggS'SeCtOr analySiS at the LHC  (zeppenfeld, Kinnunen, Nikitenko, Richter-Was; Dihrssen et al.]
Higgs to bottoms — optimistic LHC scenario: everything working and good data

Markov chains

— Higgs vs. scalars? SM vs MSSM? doublet vs. general Higgs?
light Higgs around 120 GeV: 10 main channels (o x BR) (bb channel new]

measurements: GF : H — ZZ, WW,~~
WBF : H — ZZ, WW, vy, 1T
VH: H — bb [Butterworth, Davison, Rubin, Salam]

ttH - H — ~v~, WW, (bl_))

Higgs sector

WBF-SUSY

— parameters: couplings W, Z, t,b,7,g,7 [plus Higgs mass] |
— hope: cancel uncertainties g %’O_g; _ZESQ)
(WBF : H — WW)/(WBF : H— 77) e
(WBF : H— WW)/(GF : H— WW)... i
07 r
Total width 2 Experments
— degeneracy o BR o« (g2/vTh) (63/VTH)=C>0  °% Jroczson
- inconsistent scaling . o4
c=1tm L —jm ——9 __ _ odf
92 —0 My 920 gz(rvis/gz) +Ix F
0.2F
means constraint: 3" T;(g?) < Ty — T 4lmin e -
- WW — WW unitarity: gwwr < gy — T HImax Pl bl

110 120 130 140 150 160 170 180 190
m,, [GeV]
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Higgs couplings

SFitter analysis [Diihrssen, Lafaye, TP, Rauch, Zerwas]

all couplings varied grxx = giyy (1 + Sxx)
duxx ~ —2 sign flip [9ww > 0 fixed]

loop-induced couplings gggH, 9+ free?
likelihood map and local errors from SFitter
experimental/theory errors on signal and backgrounds  (do not ask theorists!]

luminosity measurement
detector efficiency

lepton reconstruction efficiency
photon reconstruction efficiency
WBF tag-jets / jet-veto efficiency

b-tagging efficiency

T-tagging efficiency (hadronic decay)
lepton isolation efficiency (H — 4¢)

5%
2%
2 O/O
2 0/0
5%
3%
3%
3%

weak boson fusion)

13 %
7%
7%
13 %
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Higgs couplings

SFitter analysis [Diihrssen, Lafaye, TP, Rauch, Zerwas]

all couplings varied guxx = gf,)“ﬂx (1 4+ dpxx)
duxx ~ —2 sign flip [9ww > 0 fixed]
loop-induced couplings gggH, 9+ free?

likelihood map and local errors from SFitter

experimental/theory errors on signal and backgrounds  (do not ask theorists!]
error bars for Standard Model hypothesis  [smeared data point, 30—

coupling without eff. couplings including eff. couplings
Tsymm Oneg Opos Tsymm Oneg Opos
SWWH +0.23 —0.21 +0.26 +0.24 —0.21 +0.27
OzzH +0.50 —0.74 +0.30 +0.44 —0.65 +0.24
Oty +0.41 —0.37 +0.45 +0.53 —0.65 +0.43
OpbH +0.45 —0.33 +0.56 +0.44 —0.30 +0.59
Or7H +0.33 —0.21 +0.46 +0.31 —0.19 +0.46
Oy H — — — +0.31 —0.30 +0.33
SggH — — — +0.61 —0.59 +0.62
my +0.26 —0.26 +0.26 +0.25 —0.26 +0.25
mp +0.071 —0.071 +0.071 +0.071 —0.071 +0.072
mg +1.00 —1.03 +0.98 +0.99 —1.00 +0.98
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e Gesty One-dimensional distributions to check....
Higgs to bottoms 1- noisy environment preferring profile likelihoods  no effective couplings, 30 1]

Markov chains
Higgs sector

WBF-SUSY
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Higgs couplings

One-dimensional distributions to check....

1— noisy environment preferring profile likelihoods o effective couplings, 30 11
2— higher luminosity quantitatively different o effective couplings, 30 vs 300 1]

1 o0 1 2 35 3 1 1 35 -3 -1 1 3
HWW Hit Hbb



Higgs@LHC

Tilman Plehn

Higgs Sector
Higgs to bottoms
Markov chains
Higgs sector

WBF-SUSY

Higgs couplings

One-dimensional distributions to check....
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Higgs couplings

One-dimensional distributions to check....
1— noisy environment preferring profile likelihoods o effective couplings, 30 11
2— higher luminosity quantitatively different o effective couplings, 30 vs 300 1]
3
4

but not SaVing Bayesian statistics  [no effective couplings, 300 1]

theory errors not dominant for 30 fb—!  jwitn eftective couplings, 30 1o~ ']

-1 0 1 2
HWW Hit Htautau

= profile likelihood for 30 fb—!, local structures, pretty pictures in backup
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Higgs Sector Strongly interacting HIggS at LHC [Espinosa, Grojean, Mihlleitner; SFitter + Bock, P Zerwas]

Higgs to bottoms

looking like fundamental Higgs
all couplings scaled g — g+/1 — ¢
one-parameter fit in SFitter

— 30 fb—! and 120 GeV Higgs: Ag/g ~ 10%
best around my ~ 160 GeV: Ag/g ~ 5%

Markov chains
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Higgs sector

WBF-SUSY
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Higgs Sector Strongly interacting HIggS at LHC  (espinosa, Grojean, Mihlleitner; SFitter + Bock, P Zerwas]

Higgs to bottoms

looking like fundamental Higgs
all couplings scaled g — g/1 — ¢
one-parameter fit in SFitter
— 30 fb—! and 120 GeV Higgs: Ag/g ~ 10%
best around my ~ 160 GeV: Ag/g ~ 5%
2- gauge couplings g — g/1 — ¢
Yukawas g — g(1 —2¢)/\/1—¢

— sign change of Yukawas, g,y correlated

Markov chains

-
|

Higgs sector

WBF-SUSY

EE. 059 CL
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Refining Higgs hypotheses

Strongly interacting HIggS at LHC  (espinosa, Grojean, Mihlleitner; SFitter + Bock, P Zerwas]

looking like fundamental Higgs
all couplings scaled g — g/1 — ¢
one-parameter fit in SFitter
— 30 fb—! and 120 GeV Higgs: Ag/g ~ 10%
best around my ~ 160 GeV: Ag/g ~ 5%
2- gauge couplings g — g/1 — ¢
Yukawas g — g(1 —2¢)/\/1—¢

— sign change of Yukawas, g,y correlated

-
|

Higgs portal

— universal scaling /1 — £ = cos x
— invisible Higgs decay measurable  (evoli & zeppentela] 7
two-parameter fit 'hig VS cOS x

= hypotheses testable with 30 fb—!

1.5

1
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Weak boson fusion and supersymmetry

Higgs analysis beyond the Standard Model o

20
290505%
SEKLS

&
KKK

12020,

0
oot
XKL

— extension of Higgs analysis to BSM scenarios
COmpariSOn SM-MSSM [no-lose: TP, Rainwater, Zeppenfeld]

— define hypothesis
known particles: known corrections 15
new particles: theory error

— general: heavy additional states at one loop
example: MSSM sectors Higgs—weak—strong

25

555
KX
35

325258585
2R

0%

20 [ LHC(ofb™):
N VV-oH-1t

3K

KXY
3RS
b9%S
3RS

s

AR K
KREE

D%l
RS
RS
KK

X
2%
%5
O

10

KX
&S

R LEP2 e'e —Zh
AN AVAN

L
80 100 120 140

Technical questions  [Holik, TP, Rauch, Rzehak]

vertex corrections dominant?  [pjouadi & Spiral
which one Iarger: QCD vs EW? [similar for Standard Model: Ciccolini, Denner, Dittmaier]

corrections from HIggS sector? [renormalization scheme/higher orders]

general phase space generator?
— Germans: we can do 52504 diagrams  (Hadcalc: automized IR-finite one-loop 2 — 3]
= input for MSSM-Higgs analysis
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Weak boson fusion and supersymmetry

Higgs sector corrections

— finite momentum, different masses — Feynman diagrams  (reyntiggs]
consistent self couplings — effective potential (subH]

— check identical limit: effective angle a
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Weak boson fusion and supersymmetry

Higgs sector corrections

— finite momentum, different masses — Feynman diagrams  (reyntiggs]

consistent self couplings — effective potential (subH]

— check identical limit: effective angle a

SUSY corrections

— QCD correstions suppressed:
color flow and forward jets [no interference, like SM]

mass suppression of one-loop q,.q, W vertex 11/mg)

up-down concellation in one-loop duWh vertex (7; — as2 = —1/3,+5/16]
— electroweak corrections as expected

diagram Ao /o [%] | diagram Ao /o [%]
Ao ~ O(a) Ao ~ O(as)

self energies 0.199

qqW + qqZ -0.392 | qqW + qqZ -0.0148
qqh -0.0260 | qgh 0.00545
WWh + ZZh -0.329

box 0.0785 | box -0.00518
pentagon 0.000522 | pentagon -0.000308

= electroweak corrections dominant
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Weak boson fusion and supersymmetry

Higgs sector corrections

— finite momentum, different masses — Feynman diagrams  (reyntiggs]
consistent self couplings — effective potential (subH]

— check identical limit: effective angle a

SUSY corrections

— SPS1b with variable mass scale my /»

— perfect decoupling at one loop oo LEPYRE sPsib
— typical corrections around 1% W :
maximum corrections below 4%

total (p var).
total (i fixed), ““

01
0.01 o
b O(ag) (u fixed)
0.001 i -
100 200 400 600 1000

my; [GeV]



Higgs@LHC

Tilman Plehn

Higgs Sector
Higgs to bottoms
Markov chains
Higgs sector

WBF-SUSY

Outlook

Trying to understand Higgs@LHC

not a talk about first searches fask experimenters]
many LHC search channels, let’s see for when
decay to bottoms part of them

parameter analysis the final goal

open questions: jet veto, recoil uncertainties,...
not the time for BSM parameter studies
let's go and solve real problems!

= Higgs phenomenology at LHC still progressing
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Analysis errors

Worries about H — ~~y etC  [Anastasiou, Dissertori, Grazzini, Stockli, Webber; Anastasiou, Melnikov Petriello]

— used to be easy: double side-bin analysis

— learning from Tevatron H — WW: pr 4, ¢ and Nigts in NN
combine ‘slices’ of side-bins

— typical tool to improve 3¢ to 50

— NN training tool for signal/background and theory uncertainties?
sensitive to pr resummation tricky s X

sensitive to first jet challenging B
sensitive to n jets a nightmare ‘

T
MRST2004 NNLO —
My = pp = oy
my = 160 GeV

T (1/Gev)

1/o do/dp!

o 20 10 50 B0 100
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Analysis errors

Worries about H — ~~y etC  [Anastasiou, Dissertori, Grazzini, Stockli, Webber; Anastasiou, Melnikov Petriello]

— used to be easy: double side-bin analysis

— learning from Tevatron H — WW: pr 4, ¢ and Nigts in NN
combine ‘slices’ of side-bins

— typical tool to improve 3¢ to 50

— NN training tool for signal/background and theory uncertainties?
sensitive to pr resummation tricky o5 X
sensitive to first jet challenging : w w w w
Sensiﬁve to n jets a nightmare resummed MRSTR001 LO, MRSTR004 (N)NLO

Mg = My =y
my = 160 GeV

T (1/Gev)

1/o do/dp!

3 G o
Y (GeV)
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Analysis errors

Worries about H — 7y elC [Anastasiou, Dissertori, Grazzini, Stockli, Webber; Anastasiou, Melnikov Petriello]

used to be easy: double side-bin analysis

learning from Tevatron H — WW: pr 1, ¢¢r and Nigts in NN
combine ‘slices’ of side-bins

typical tool to improve 3o to 50

NN training tool for signal/background and theory uncertainties?
sensitive to pr resummation tricky

sensitive to first jet challenging

sensitive to n jets a nightmare

combination of scale uncertainties [Tevatron]
AN 5 5 5 .
N 0% (7)o () + v () = (%)

adding stat’l significance at high pr
pull degrading from theory error
dangerously small individual S/B

advanced analyses finally getting me scared...
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Error analysis

Sources of uncertainty

statistical error: Poisson
systematic error: Gaussian, if measured
theory error: not Gaussian

simple argument

LHC rate 10% off: no problem

LHC rate 30% off: no problem

LHC rate 300% off: Standard Model wrong

theory likelihood flat centrally and zero far away
profile likelihood construction: RFit [ckwmFitten

—2logL=x*=x} C' Xa
0 |0 —di| <o
- h
Xd,i = 4 ld; = dj| — "
o_/{exp)

|d,'7a,'| >0

(
i
(

1

theo)

theo)
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Sources of uncertainty
Higgs Sector
Higgs to bottoms — statistical error: Poisson
Markov chains systematic error: Gaussian, if measured
Higgs sector theory error: not Gaussian
WBF-SUSY — profile likelihood construction: RFit  [ckmFitter]

—2log £ = x* = X§ C" Xg
0 |di _ a/| < J,(theo)

p h
Xd,i =4 |di —dil — Uft e0)

(exp)
i

pr th
|di — dj| > o,(- e) |
g

(Inconsistent) combination of errors

— Gaussian ® Gaussian: half width added in quadrature
Gaussian ® flat: RFit scheme
Gaussian ® Poisson: ??

— approximate formula
1 1 1

= +
log Lcomb l0g Lgauss 109 Lpoisson
— good to 5% for 5 events with 10% Gaussian

. exact
approximation

chi2

oORr NWD OO

012345678910
m
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Pretty colorful pictures

Two-dimensional correlations and effective coupings

1- including effective gpgy
sign of gy fixed by gyww > 0
correlation of grpp and gyww  lioops and widthl
JHgg accessible

bbb oA e ow

1
Htautau
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Pretty colorful pictures

Two-dimensional correlations and effective coupings

1- including effective gpgy
sign of gy fixed by gyww > 0
correlation of grpp and gyww  lioops and widthl
JHgg accessible

3 3
1 1
-1 -1
3 -3
5 5
-1 0 1 2 3
Htautau
2— only effective gy,
correlated gy and gy on both branches
JH~~ Structure more complex
3 3 3
1 1 1
1 1 -1 =
-3 -3 -3 =
-5 -5 -5
-1 1 2 -1 1 1 0 1 2 3

HWW

HwWwW

Htautau



Higgs@LHC

Tilman Plehn

Higgs Sector
Higgs to bottoms
Markov chains
Higgs sector

WBF-SUSY

Pretty colorful pictures

Two-dimensional correlations and effective coupings

1- including effective gpgq
sign of gy fixed by gyww > 0
correlation of gy @and gy lioops and width]
JHgg accessible

hob ok ok ow
bbbk e ow

bbbk e ow

-1 0 1 2 3 -1 0 1 2 3 -1 0 1 2 3
HwWw HWW Htautau

2— only effective gy,
correlated gy and gy on both branches
JH~~ Structure more complex

3— both effective couplings
discrete structures getting out of hand

bbbk ow

bbbk e ow

bbb koW



Higgs@LHC

Tilman Plehn

Higgs Sector
Higgs to bottoms
Markov chains
Higgs sector

WBF-SUSY

Unobserved vs invisible

Invisible Higgs

— two channels at LHC
pp — qgH: tagging jets plus nothing (Evoli & zeppenteld]
pp — ZH: recoil against nothing  [atias csc notes]

— ginv @another parameter
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Unobserved vs invisible

Invisible Higgs

— two channels at LHC
pp — qqH: tagging jets plus nothing  (Evoli & zeppenteld]
pp — ZH: recoil against nothing (atias csc notes]

— ginv another parameter

Unobservable Higgs

— unobserved Higgs decay into backgrounds
H — jets promising, increase gu. to simulate
naturally occuring in all models [charming buried Higgses]

— see scaled-down couplings

Htautau
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Unobserved vs invisible

Invisible Higgs

— two channels at LHC
pp — qgH: tagging jets plus nothing (Evoli & zeppenteld]
pp — ZH: recoil against nothing  [atias csc notes]

— ginv @another parameter

Unobservable Higgs

— unobserved Higgs decay into backgrounds
H — jets promising, increase gy to simulate
natura”y occuring in all models  [charming buried Higgses]

— see scaled-down couplings
1— fitonly T — (1 + Ar)
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Unobserved vs invisible

Invisible Higgs

— two channels at LHC
pp — qgH: tagging jets plus nothing (Evoli & zeppenfeld]
pp — ZH: recoil against nothing (atias csc notes]

— ginv @another parameter

Unobservable Higgs

— unobserved Higgs decay into backgrounds
H — jets promising, increase gu. to simulate
naturally occuring in all models [charming buried Higgses]
— see scaled-down couplings

1— fitonly ' — (1 + Ar)

2— include AT and fix gyww

Htautau

= not as unobservable as people think...
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