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Discovery Best of ATLAS  [and cMs)
Operators — ‘silver channel’ H — v~
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Higgs discovery

Best of ATLAS (and cms)

— ‘silver channel’ H — vy

local significance 4.50 (ATLAS), 4.1c (CMS)
correct background treatment beneficial

— ‘golden channel’ H -+ ZZ — 4¢

local significance 3.40 (ATLAS), 3.20 (CMS)
low event count

— remaining WW and 7, bb
broad excess, bb not sensitive to SM rates
= resonance at my ~ 126 GeV discovered
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Higgs discovery

Best of ATLAS (andcms)

=

‘silver channel’ H — v

local significance 4.50 (ATLAS), 4.1 (CMS)
correct background treatment beneficial

‘golden channel’ H —» Z2Z — 4¢

local significance 3.40 (ATLAS), 3.20 (CMS)
low event count

remaining WW and 7, bb
broad excess, bb not sensitive to SM rates
resonance at my ~ 126 GeV discovered

Any models ruled out?

Standard Model fine  [Hoithausen, Lim, Lindner]

reasonably decoupling theories all fine

MSSM one example  ftons of papers]

hypersphere in rrk,L/H,tan B, At, u, my predicting little [)(,2/(,771 ™) 21
strongly interacting light Higgs supposedly fine

Higgs portal fine

let’s try to make science out of this
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Equivalent questions

— what are the Higgs quantum numbers?
— what is the structure of the Higgs Lagrangian?
— can the Higgs give mass to heavy states?




Higgs Couplings

Tilman Plehn

Discovery
Operators
Higgs rates
SFitter

Higgs couplings
Weak scale

High scale

Operators

Equivalent questions

— what are the Higgs quantum numbers?
— what is the structure of the Higgs Lagrangian?
— can the Higgs give mass to heavy states?

Heavy flavor inspiration

for any observed Higgs coupling there exists a renormalizable operator

except Higgs production in gluon fusion
— except Higgs decay to photons

except gwwy might mean HWHY W,
Higgs Lagrangian all but trivial
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Equivalent questions

— what are the Higgs quantum numbers?
— what is the structure of the Higgs Lagrangian?
— can the Higgs give mass to heavy states?

Heavy flavor inspiration

for any observed Higgs coupling there exists a renormalizable operator
except Higgs production in gluon fusion
— except Higgs decay to photons

except gwwy might mean HWHY W,,,,
Higgs Lagrangian all but trivial

= analyze HIggS kinematics [in as many channels as possible]




Operators

Model independent angles
— first step: Higgs polar angle for spin-0 vs spin-2 [aies; Choi etal]

dro
dcos 0*

~ Po(67) =1 P5(6*) ~ 1+6cos? 6™ +cos* 6
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Model independent angles

-H—=sZzZZ decays [Melnikov etal; Lykken etal; v d Bij etal; Englert, Spannowsky, Takeuchi]
classic Cabibbo—Maksymowicz—Dell’Aquila—Nelson angles

€0s 0 = Po— - Pz, |, cos 6y =p,— - Pz,
€
008 go = (Boeam X Pz,) - (Pz, % Po-)|
€

008 B¢ = (By— X Pot) - (B— X B)|,

2z,

cos 6™ = Pz,
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TeewERy Model independent angles
Operators -H—=sZzZZ decays [Melnikov etal; Lykken etal; v d Bij etal; Englert, Spannowsky, Takeuchi]
Higgs rates classic Cabibbo—Maksymowicz—Dell’Aquila—Nelson angles
SFitter - WBF production [Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]
Higgs couplings Breit frame or hadron collider (777 ¢) [Breit: boost into space-like]
Weak scale

High scale
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Model independent angles
-H—=sZzZZ decays [Melnikov etal; Lykken etal; v d Bij etal; Englert, Spannowsky, Takeuchi]
classic Cabibbo—Maksymowicz—Dell’Aquila—Nelson angles

- WBF production [Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]
Breit frame or hadron collider (7]7 (b) [Breit: boost into space-like]

cos 01 = py, ‘f?vz‘ cos B = py, - Py, ‘ cos 0™ = Py, - Py

X

V4 Breit Vo Breit

COoS ¢1 = (ﬁvz X ﬁd) ! (ﬁVZ x f”.1)|V1Breil

cos B¢ = (Bay x By) - (Bey % By)| -
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Model independent angles

-H—=sZzZZ decays [Melnikov etal; Lykken etal; v d Bij etal; Englert, Spannowsky, Takeuchi]
classic Cabibbo—Maksymowicz—Dell’Aquila—Nelson angles

- WBF production [Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]
Breit frame or hadron collider (777 ¢) [Breit: boost into space-like]

cos 0y = P ‘Av‘ cos 0 = P, ‘Av‘ cos0* =Py, - P
Pi - Pro v, Breit P Py VyBreit Pvi - Pal

COoS ¢1 = (ﬁvz X ﬁd) ! (FAJVZ x ﬁi1)|v1Breil

cos B¢ = (Bay x By) - (Bey % By)| -
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= different approaches with similar physics
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Discovery Spin-2 test? [Englert, Mawatari, Netto, TP]
O — unitarization affecting all energy variables
Higgs rates .
- tl’y Gottfried-Jackson angle [Bx . jab VS Py, x: Frank, Rauch, Zeppenfeld; Schumi]
SFitter ’ ’
Higgs couplings 1 ‘ Xz, T 4 Tx T,
al do* XYy 2, O dcos@, XYy,
Weak scale o.gf- O dcos® X vv{‘:m o0gf = €05, Xy
High scale 04l - 7 "
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Discovery Spin-2 test? [Englert, Mawatari, Netto, TP]
R — unitarization affecting all energy variables
::iz:ates - tl’y Gottfried-Jackson angle [i’X,/ab vs i’d‘xi Frank, Rauch, Zeppenfeld; Schumi]

Higgs couplings - alternatlvely ¢1 + ¢2 [Hagiwara, Li, Mawatari]

Weak scale o : o

High scale
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Spin-2 test? [Englert, Mawatari, Netto, TP]

— unitarization affecting all energy variables
- try Gottfried-Jackson angle [Bx, iab Vs Pg, x; Frank, Rauch, Zeppenfeld; Schumi]
— diagrammatic analysis for WBF  as;; crucia]

AGE ~

AGH ~wf2

spin-0: 03,0755, 055
spin-1: 13, 5,15, ,

spin-2: 2gyy, 2E\\'+q

max
5~ 3

AN~ 55

Aq;l_‘,}’ ~0

AT ~ 0

+

2

e
EW+g Ani a4

= observables in most channels
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Where we are going

The model

— assume: we see a scalar

[2Z and WBF correlations]

it is a narrow resonance
SM-like D4 structures
benchmarks useless

— production & decay combinations
— signal strength vs couplings?

g9 — H

qq — qqH

g9 — ttH

qq’ — WH

plus a little problem

H— zZ
H— ww
H — bb
H*)TZ%T[
H— vy
H— Zv

signal x trigger
backgrounds
Gauss/Poisson statistics
systematics

theory errors
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Discovery The mOdel
Operators — assume: we see a scalar [ZZ and WBF correlations]
Higgs rates it is a narrow resonance
SFitter SM-like D4 structures
e oS benchmarks useless
Weak scale — production & decay combinations
Il ezl — signal strength vs couplings?
= ET 3
i i ATLAS Preliminary 2011 + 2012 Data ]
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Where we are going

The model

— assume: we see a scalar [zz and WBF correlations]
it is a narrow resonance
SM-like D4 structures
benchmarks useless

— production & decay combinations

— signal strength vs couplings?

T T T T T T
ATLAS Preliminary m, =126 GeV

W,ZH — bb

e
I I I I L I

-1 [ +1
Signal strength (u)
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Where we are going

The model

— assume: we see a scalar [zz and WBF correlations]
it is a narrow resonance
SM-like D4 structures
benchmarks useless

— production & decay combinations
— signal strength vs couplings?

Why 126 GeV is just perfect (zeppenfeld et al; Dihrssen et al; SFitter 2009/2012]

— parameters: Higgs couplingsto W, Z,t, b, 7,9, [SW-like D4 operators]

Grxx = gix (14 Ax) IHww > 0

— measurements: GF : H — ZZ, WW, v~
WBF : H— ZZ, WW,~v,TT
VH:H—bb
{tH : H — ~~, bb

= perfect application for SFitter
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SFitter 1: Markov chains

Probability Maps ([statistics unexpectedly hard...]

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

Markov chains

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

— construct ‘representative’ poll
— classical: representative set of spin states
compute average energy on this reduced sample
— BSM or Higgs: map p(d|m) of parameter points
evaluate whatever you want
— 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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Discovery Weighted Markov chains [Lafaye, TR, Rauch, Zerwas; Ferrenberg, Swendsen]

e — special situation

Higgs rates measure of ‘representative’: probability itself

ity — example with 2 bins, probability 9:1

Higgs couplings 10 entries needed for good Markov chain

Weak scale 2 entries needed if weight kept

High scale — binning with weight would double count

bin with inverse averaging
bincount
Poin(p # 0) = Sbincount ;1

i=1

good choice for O(6) dimensions
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SFitter 1: Markov chains

Weighted Markov chains [Lafaye, TP, Rauch, Zerwas; Ferrenberg, Swendsen]

special situation

measure of ‘representative’: probability itself
— example with 2 bins, probability 9:1

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) = Sbincount ;1
i=1

good choice for O(6) dimensions

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

— zoominon peak structures ([inspired by simulated annealing]

— modified condition
Markov chain in partitions, numbered by j

p(d|m’y > p(d|m) 10/ re[0, 1] random number
— check for parameter coverage with many Markov chains
= exclusive likelihood map first result
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SFitter 2: Frequentist vs Bayesian

Getting rid of model parameters

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

my
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0 200 400 600 800 1000
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. . 800

D Getting rid of model parameters o
&

Operators — poorly constrained parameters 0

Higgs rates uninteresting parameters 0

SFitter Unphysical parameters [JES part of m; extraction] 0

Higgs couplings — two ways to marginalize likelihood map

Heaicseale 1— integrate over probabilities Y
L normalization etc mathematically correct o2
integration measure unclear E 025

noise accumulation from irrelevant regions iy

classical example: convolution of two Gaussians s

0 0 200 400 600 800 1000
my

2— profile likelihood L(.., Xj_1, Xj41....) = maxy; L(Xq, .y Xn) 80

no integration needed I

no noise accumulation o

not normalized, no comparison of structures s ¥

classical example: best-fit point b

0
0 200 400 600 800 1000

— one-dimensional distributions tricky m,
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SFitter 3: 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  ckwmFitter]
—2log L =x* =%} C' X4
0
(theo)

Xd,i = 4 |di —dj| — o
o’feXp)
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Sources of uncertainty
Discovery
Operators — statistical error: Poisson
Higgs rates systematic error: Gaussian, if measured
SFitter theory error: not Gaussian
Higgs couplings — profile likelihood construction: RFit  ckwmFitter]
Weak scale 2 T A1
—2logL =x"=Xq C Xqg
High scale -
0 |G’, _ di| < o_l(theo)
- d — a _ U(_Iheo) N
Xd,i | i 1‘ i |d, 7 di| S a_(theo)
& (exP) i

i

Efficient combination of errors [different from Michael's ATLAS analysis]

— Gaussian ® Gaussian: half width added in quadrature
Gaussian/Poisson ® flat: RFit scheme
Gaussian ® Poisson: ?7?

exact

- apprOX|mate1formuIa approximation

1 1
= +
l0g Lecomb 109 Lgauss l0g Lpoisson
— modified Minuit gradient fit last step
= error bars from toy measurements

chi2

oORr NWDMOO N

012345678910
m
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HIggS sector at LHC [Zeppenfeld et al; Diihrssen et al; SFitter 2009/2012; Contino et al]

— light Higgs around 126 GeV: over 10 channels (o x BR)

— measurements: GF : H — ZZ, WW,'y’y [first analyses]
WBF : H — ZZ, WW7 YV, TT [iust starting]
VH:H — bb [BDRS-like analyses only]
ﬁH H— YV, WW, bb... [useful but later]

— parameters: COUpIingS W,Z t b,r, g, [plus eventually Higgs mass]
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Discovery HIggS sector at LHC  [zeppenfeld et al; Dahrssen et al; SFitter 2009/2012; Contino et al]
REERS — light Higgs around 126 GeV: over 10 channels (¢ x BR)
H \{
iggs rates — measurements: GF : H — ZZ, WW, ~~ rirst analyses]
SIRIE WBF : H —>_ZZ WW7 YV, TT [iust starting]
Higgs couplings VH : H — bb  1BDRs like analyses only]
Weak scale ttH: H— vy, WW, bb... [useful but later]
High scale — parameters: COUplIﬂgS W,Z t b,r, g, [plus eventually Higgs mass]
Total width
— myths about scaling
2 2 4 2
NeoBRo 2 9 9 = o0
Vot VTt ZZF( )
g + Tunobs

gives constraint from 37 T;(g?) < ot = T Hlmin
- WW — WW unitarity: gwwy < ghmm — T Hlmax
— SFitter assumptlon Fm = Zobs j  Iplus generation universality]
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Higgs couplings

HIggS sector at LHC [Zeppenfeld et al; Diihrssen et al; SFitter 2009/2012; Contino et al]

— light Higgs around 126 GeV: over 10 channels (o x BR)

— measurements: GF : H — ZZ, WW,'y’y [first analyses]
WBF : H — ZZ7 WW7 YV, TT [iust starting]
VH:H — bb [BDRS-like analyses only]
ﬁH H— YV, WW, bb... [useful but later]

- parameters: COUpIingS W7 Z, t, b, T,9,7 [plus eventually Higgs mass]

SFitter ansatz [Diihrssen, Klute, Lafaye, TP, Rauch, Zerwas]

— couplings measurement grxx = gy (1 + Ax)
D5 couplings gggH, 9+ free?
electroweak correction currently negligible

— experimental/theory errors on signal and backgrounds
ATLAS and CMS both included

— exclusive likelihood map
each coupling from profile likelihoods
best-fit point with Minuit
complete error analysis
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Global/local 7 TeV analysis

Global view on 7 TeV data [Kiute, Lafaye, TP, Rauch, Zerwas]

— is there a SM-like solution?
are there alternative solutions?
(1) expected 2011: SM central values, measured error bars

— large-coupling solution separable
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Global/local 7 TeV analysis

Global view on 7 TeV data [Klute, Lafaye, TP, Rauch, Zerwas]

is there a SM-like solution?
are there alternative solutions?

expected 2011: SM central values, measured error bars
large-coupling solution separable
measured 2011: measured central values and error bars

both solutions overlapping
error bars inflated
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Global/local 7 TeV analysis

Global view on 7 TeV data [Klute, Lafaye, TP, Rauch, Zerwas]

— is there a SM-like solution?
are there alternative solutions?

(1) expected 2011: SM central values, measured error bars

— large-coupling solution separable

(2) measured 2011: measured central values and error bars

— both solutions overlapping
error bars inflated

Local view on 7 TeV data

— focus on SM solution where possible
— five couplings from data

gw ~ 0 while gz okay
gp and g; hurt by secondary solution
g- inconclusive in data

— poor man’s analysis great: A; = Ay
= pointing towards Standard Model?

_ L-4.64.91b", 68% CL: ATLAS + CMS

@ SMex.

W=Z data

&
&
&
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Sksme Global view on 8 TeV data (Kiute, Lafaye, TP, Rauch, Zerwas]

Operators - gw now improved

:‘ngs LU (1) expected 2012: SM central values, measured error bars
itter

' ' — two symmetric solutions
Higgs couplings

Weak scale

High scale
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Global/local 8 TeV analysis

Global view on 8 TeV data [Klute, Lafaye, TP, Rauch, Zerwas]

— gw how improved

(1) expected 2012: SM central values, measured error bars
— two symmetric solutions

(2) measured 2012: measured central values and error bars

— alternative solution separated and weakened
improved Ay p ; error bars




Higgs Covelings —— Global/local 8 TeV analysis
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Discovery Global view on 8 TeV data [Klute, Lafaye, TP, Rauch, Zerwas]
Operators - gw now improved
Higgs rates (1) expected 2012: SM central values, measured error bars
SFitter

— two symmetric solutions
(2) measured 2012: measured central values and error bars

— alternative solution separated and weakened
improved A p ; error bars

Higgs couplings
Weak scale

High scale

Local view on 8 TeV data [no change from HCP]

— focus on SM solution
— six couplings from data

ter| L=4.6:5.1(7 TeV)+5.1-5.9(8 TeV) fo 68% CL: ATLAS + CMS
s [

9w,z okay T Sew Ge=03" (144
gtp indirectly 1} ana)
gr poor
. 05
g~ possible
" : 14 d ]
— poor man’s analyses great: Ay, Ay, Ay © JLJLFV i .
= moving towards Standard Model? 05
; }
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Global/local 8 TeV analysis

Global view on 8 TeV data [Klute, Lafaye, TP, Rauch, Zerwas]

— gw now improved

(1) expected 2012: SM central values, measured error bars
— two symmetric solutions

(2) measured 2012: measured central values and error bars

— alternative solution separated and weakened
improved A p ; error bars

Testing the Higgs

six couplings determined (g, still missing]

L=4.6-5.1(7 TeV)+5.1-5.9(8 TeV) ib”", 68% CL: ATLAS + CMS

— error bars 20 — 50% e
— central value A, = 0.16 =
— all good fits 05
ol
V3L 1
-0.5 t
-1

o= g™ (144

\$0A
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Higgs couplings
Weak scale

High scale

Global/local 8 TeV analysis

Global view on 8 TeV data [Kiute, Lafaye, TP, Rauch, Zerwas]

— gw how improved

(1) expected 2012: SM central values, measured error bars

— two symmetric solutions

(2) measured 2012: measured central values and error bars

— alternative solution separated and weakened
improved Ay p ; error bars

Testing the Higgs

six couplings determined  (gg still missing]
— error bars 20 — 50%

central value A, = 0.16

all good fits Standard Model

hypothesis Xao12/dof | solutions
43.3/54

form factor Ay 32.2/53 1

two-parameter Ay ¢ 29.0/52 2

independent Ay 27.7/49 3

including A~ 27.3/48 2




Higgs Covelings —— Global/local 8 TeV analysis

Tilman Plehn

O Global view on 8 TeV data  («iute, Lafaye, TP, Rauch, Zerwas]

Operators - gw now improved

:f:s rates (1) expected 2012: SM central values, measured error bars
Itter

— two symmetric solutions
(2) measured 2012: measured central values and error bars

Higgs couplings

Weak scale

High scale — alternative solution separated and weakened
improved Ay p ; error bars

Testing the Higgs

six couplings determined  (gg still missing]
— error bars 20 — 50%

central value A, = 0.16

all good fits

= what’s next?



Higgs Couplnos — Beyond renormalizable couplings

Tilman Plehn
Discovery Anomalous Higgs couplings [Corbett, Eboli, Gonzales-Fraile, Gonzales-Garcia)
Operators — anomalous couplings from D6 operators f;  findex 2 for W, wH" |
Higgs rates
Fi = oshy _ _ 9Mw $*(fas + fuw — fow)
SFitter GHgg = 8x A2 OH~r~ = A2 >
Higgs couplings
995 Co0I9 W) _ GMw s(fw — fa) @ _ 9Mw s[28fss — 2¢*fuw + (¢* — §*)an]
Weak scale gHZ'y - A2 oc gHZ’Y Y 2c
g0 eeEle @ _ gMw Py + s°fg @ _  GMy s*fesg + c*haw + P faw
Ghzz = 2 2¢? Ghzz = =2 2¢?
@ _ 9Mw fw @ _ _ 9Mw
Ghww = “pz o Ghw = ~ " pz fww
— 30 e bHC (748)T6V + Tevotron .

— asume fW = fB [otherwise no convergence] % sE El3 3
fit fog., fyrw fas 5 @ 1 j %
observe usual sign-flip degeneracy 15F 1k £
compare to Ax and A in gywwy fop El 3

b El 1
<= I\ W%
Spbmebt e ey

% A F fr=fealTeV?
S0t E
i
1
S

=20 - ‘1 [\] [ 1‘0 2‘0 30
fu=falTeV?
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High scale

Beyond renormalizable couplings

Anomalous HIggS couplings [Corbett, Eboli, Gonzales-Fraile, Gonzales-Garcia]

— anomalous couplings from D6 operators f;  findex 2" for W, WH |

as fgv My $°(fas + fuw — faw)

Gros = ~ g1 A2 Gy =" T 2

@) _ 9Mw s(fw — fg) @ _ My s[2s’fsg — 2 fyw + (6P — S°)faw]
Gnzy = "pa 2c Ghzy = “pa 2c

1) gMy szw + Ssz @ _ gMy SAfBB + C4fWW + CZSZfBW

nzz = “pa 2¢? Ghzz =~ "pz 2¢?

@ 9Mw fw @ _  9Mw
Gwww = “pz o Ghww = ~ " pz fww

— asume fW = fB [otherwise no convergence]

fit fog, fww, fB
observe usual sign-flip degeneracy
compare to Ax and A in gwwy

A word on benchmarks

— known to ‘say more about authors than about physics’
— bottom-up approach crucial
— theory benchmarks really only interesting for authors  iiike the Higgs portal]
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Top Yukawa

Direct measurement ﬁH, H— bt_) [Atlas-Bonn: Jochen Cammin]

— crucial to understand Higgs sector  (details later]

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

— continuum background ttbb, ttjj weighted by b-tag]
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Higgs couplings
Weak scale

High scale

Top Yukawa

Direct measurement ﬁH, H— b[) [Atlas-Bonn: Jochen Cammin]

— crucial to understand Higgs sector  (details later]
— 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 — 4bgag 2 Lv
2— kinematics: peak-on-peak
3- systematics: S/B ~ 1/9

E
@ 7

* @

TDR reconstruction method
Likelihood reconstruction
LH high lumi

LH realistic (low lumi)

n

f

L

~TF%

g

30 140
my, (GeV)
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Higgs couplings
Weak scale

High scale

Top Yukawa

Direct measurement ttH, H — bb  [Atias-Bonn: Jochen Cammin]

crucial to understand Higgs sector (details later]
trigger: t — bW+ — blty _
reconstruction and rate: t - bW~ — bjj
continuum background £tbb, ttjj [weighted by b-ag]
not a chance:

1— combinatorics: my in pp — 4bag 2j Lv
2— kinematics: peak-on-peak

3- systematics: S/B ~ 1/9

%

8F [ @ Tor ‘method

E ‘ *  Likelihood reconstruction
7E A LHhighlumi

E \ | % LH realisic low lumi)
sE N

£ ~4

Eoox
£ o

E B X
o

100 110 12 13

30 140
m,, (GeV)

Chapter 5. Physics Studies with Tracks mesons,
"




Higgs Couplings Top YU kaWa
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TeewERy Direct measurement ttH, H — bb [atias-Bonn: Jochen Cammin]
Operators — crucial to understand Higgs sector  (etails later]
T — trigger: t — bW+ — bétv
SFitter

reconstruction and rate: T — bW~ — bjj
— continuum background ttbb, ttjj weighted by b-tag]
— not a chance:

1— combinatorics: my in pp — 4bgag 2 Lv

2— kinematics: peak-on-peak

3- systematics: S/B ~ 1/9

Higgs couplings
Weak scale

High scale

> 120 T T T T T
. . & ATLAS «Data 2011
Fat jets analysis [Tr salam, Spannowsky, Takeuchi] 400 det=4.7 v [bz0Tev)o=13p0 ]
. . 2 5=7Tev U
— require tagged top and Higgs g sof [Mutiet ]

trigger on lepton
only continuum ttbb left with sidebands]

— top tagger working  [Atias-Heidelberg]

L et
0! 1 1
140 150 160 170 180 190 200 210
Leading Top-Quark Candidate Mass [GeV]




Higgs Couplings Top YU kaWa
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O Direct measurement {tH, H — bb  [Atias-Bonn: Jochen Cammin]
ERclaies — crucial to understand Higgs sector  [details later]
Higgs rates _

trigger: t — bW+ — bt _
Sty reconstruction and rate: t — bW~ — bjj

IS EETES continuum background {tbb, ftjj weighted by b-ag]

not a chance:

1— combinatorics: my in pp — 4byag 2j Lv
2— kinematics: peak-on-peak

3- systematics: S/B ~ 1/9

Weak scale

High scale

Fat jets analysis [TP, Salam, Spannowsky, Takeuchi]

68% CL: 14 TeV

— require tagged top and Higgs oel = a0n 0= o™ (14a)
trigger on lepton 30010
. =T 0.3 1000 fb”!
only continuum ttbb left it sidebands] 0| * 00"
— top tagger working  [Atias-Heidelberg] 04 e P I
= any good idea welcome 0 ¢ {* £
0.1 lmninn 1
0.2
-0.3  Gain factor
2
15 F
1 * o o o * 2 3

*
3 ¢ ¢ 3 ¢ ¢ %
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Weak scale

High scale

Weak scale models

Higgs portal

— only few renormalizable links to a new phyics world
general standard-hidden ansatz Hy; = cos x Hs + sin x Hp

— visible and hidden decays [plus Hy — Hy Hy cascade decays]

tot 2 SM 2 hid
Iy = cos® x Mgy + sin® x Iy

— constraints on event rate

o[Hy — XX*] cos?® x
o[Hy — XXM L, e
1+ tan? x W
tot, 1
1.2
95% CL
m— 68% CL
1 —— data
_ o8t
33
Z 06}
2
= o4}
02}
0
04 05 06 07 08

cos?y,




Higgs Couplings —  \N\agk scale models

Tilman Plehn
Discovery nggS portal
Operators — only few renormalizable links to a new phyics world
Qlooslzes general standard-hidden ansatz H; = cos x Hs + sin x Hp
SFitter

— visible and hidden decays [plus Hy — Hyq Hy cascade decays]

hid

Higgs couplings .2
I = cos® x Mgy + sin® x T

Weak scale
High scale — constraints on event rate
o[Hy — Xx*] cos? x
olHr — XX=]$V ,
14 tan® x N

tot, 1

= invisible Higgs needed for final answer  (Eboli & Zeppenteld]
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High scale

Weak scale models

Higgs portal

— only few renormalizable links to a new phyics world
general standard-hidden ansatz Hy; = cos x Hs + sin x Hp

— visible and hidden decays [plus Hy — Hy Hy cascade decays]

tot 2 SM P2 hid
Iy = cos® x Mgy + sin® x Iy

— constraints on event rate
o[Hy — XX*] cos? x

o[Hy — XXM — [hid
[ ] 14tan? x -
tot, 1

= invisible Higgs needed for final answer  (evoli & zeppenteld]

Form factor HIggS [Kaplan & Georgi; Contino, Espinosa, Giudice, Grojean, Miihlleitner, Pomarol, Rattazzi]

— simple trick: £ = v/f 2 0.3 while m, = g,f > f [also not calculable]
1— all couplings scaled g — g/1 — ¢
— one-parameter fit in SFitter
— from 8 TeV data Ay =0+0.15
2- gauge couplings g — g/1 — ¢
Yukawas g — g(1 —28)/4/1 ¢

— sign change of Yukawas, g, 4 correlated
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High scale

Weak scale theory

Non-decoupling D6 operators

— SM: chiral fermions gpgg ~ as/(127v)
— new particle with charge Q and SU(3) Casimir C(R) (Reece]

2 3¢
fom g rome (e VR))L oo

9Hy~

= end of a fourth chiral generation [Lenz etal]



Higgs Couplings

Tilman Plehn

Discovery
Operators
Higgs rates
SFitter

Higgs couplings
Weak scale

High scale

Weak scale theory

Non-decoupling D6 operators

— SM: chiral fermions grgg ~ as/(127v)
— new particle with charge Q and SU(3) Casimir C(R) (Reecel
Gy 2 _8?
R, = g = [1roase (1= /R ‘T a@

Hy~y
= end of a fourth chiral generation [Lenz etal]

Supersymmetry

— MSSM Higgs mass the best-predicted LHC observable [Hamn etal + stal
— production rates mix of form factor and D6 (e.g. Hollik, TP, Rauch, Rzehak]
— stop mass/mixing crucial (m, = 1 TeV,tan 8 = 20]




Higgs Cowelngs — \\egk scale theory

Tilman Plehn
TeewERy Non-decoupling D6 operators
Operators — SM: chiral fermions grgg ~ as/(127v)
::i:ates — new particle with charge Q and SU(3) Casimir C(R) (Reece]
. 2 302
wote fom g rome (e VR))L oo
High scale = end of a fourth chiral generation [Lenz etan

Supersymmetry

— MSSM Higgs mass the best-predicted LHC observable  (Hamn etal + Stal
— production rates mix of form factor and D6  (e.g. Holik, TP, Rauch, Rzehak]

stop mass/mixing crucial (m, = 1 TeV,tan 8 = 20]
— SUSY particles in eff couplings  (everyone]
stop mixing destructive [Reece]
2 2 y2
9H991+1<m[ mfm[Xt>

SM T 2 2 2
GHgg a\m, m, mm,

— move towards NMSSM always an option...
= no final verdict on the MSSM (ever?)
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Weak scale

High scale

Weak scale theory

Non-decoupling D6 operators

— SM: chiral fermions gpgg ~ as/(127v)
— new particle with charge Q and SU(3) Casimir C(R) (Reece]

2 3¢
fom g rome (e VR))L oo

9Hy~

= end of a fourth chiral generation [Lenz etal]

General Study [Gupta, Rzehak, Wells]

— modelling Higgs coupling deviations
— deviations allowed by other constraints

AhVV Ahtt Ahbb
Mixed-in Singlet 6% 6% 6%
Composite Higgs 8% tens of % tens of %

Minimal Supersymmetry < 1% 3%

10%(Iarge tan 3) 1 OO%(smaH tan 3)
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Higgs couplings
Weak scale

High scale

Weak scale theory

Non-decoupling D6 operators

— SM: chiral fermions gpgg ~ as/(127v)
— new particle with charge Q and SU(3) Casimir C(R) (Reece]

2 3¢
fom g rome (e VR))L oo

9Hy~

= end of a fourth chiral generation [Lenz etal]

General Study [Gupta, Rzehak, Wells]

— modelling Higgs coupling deviations

— deviations allowed by other constraints

— correlation of A and heavy Higgs states
= no final verdict on (too) many models?



High scale theory

What if it is essentially the Standard Model

— many theories deCOUple in HIggS Sector [custodial symmetry, suppressed D6]
— any handle on high-scale physics needed
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High scale

High scale theory

What if it is essentially the Standard Model

— many theories decouple in Higgs sector  [custodial symmetry, suppressed D]
— any handle on high-scale physics needed

Renormalization group

— Higgs mass related to self coupling: my = vv2X
top mass related to Yukawa: y; = \@m,/v
ax 1 4 2 2\2
dlog@ 1672 [12/\ +6)\}’1 *3}’r (392 +g1> I (292+(gz +97) )}
— IR fixed point for )\/ytz f|X|ng m,2_,/m2 = 1/2 [with gravity: Shaposhnikov, Wetterich]

my —171.2 as — 0.1176
= 126. 41— 1.
my 6.3+ 21 X 0.002 x1.5 N ——

— Planck-scale conditions [Holthausen, Lim, Lindner]
= Higgs and top crucial in combination

Higgs mass (Gev)

]

Top mass (GeV)
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Discovery LHC Higgs program
openos — determine coupling structure
::i:ates — measure pre-factors (i.e. coupling strengths) (ask me in private why by theorists]

IR — come up with good ideas for top Yukawa

Weak scale search for anomalous Higgs decays

High scale apply to everyone’s favorite models (stop caling them benchmarks]

Suer| __68% CL: 3000 b, 14 TeV LHC and 250 fb™!, 250 GeV LC
S0l 2o

“®= 3000 fb', 14 TeV LHC SM
0.2 2500, 250 GeV LC 9=y (1+4,)
= LHC +LC

0.15 LHC +LC (& 1= &)

0.1

“H

-0.1
-0.15

N
14
~
o
od
QA
)
o
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Discovery Marginalization procedures
U 1— noisy environment preferring profile likelihoods o eftective couplings, 30 = 1]
Higgs rates
SFitter

Higgs couplings
Weak scale

High scale
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Higgs couplings
Weak scale

High scale

Basic checks

Marginalization procedures

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

-1 0 1 2 35 -3 -1 35 -3 -1 3
HWW Htt Hbb

-1 0 1 2 35 -3 -1 35 -3 -1 3
HWW Htt Hbb
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Higgs couplings
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High scale

Basic checks

Marginalization procedures

1— noisy environment preferring profile likelihoods o effective couplings, 30 o= 1]
2— higher luminosity quantitatively different o effective couplings, 30 vs 300 o=
3— but not saving Bayesian statistics [no effective couplings, 300 fo— 1]
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Higgs couplings
Weak scale

High scale

Basic checks

Marginalization procedures

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

3— but not saving Bayesian statistics [no effective couplings, 300 fo— 1]

4— theory errors not dominant for 30 fo~"  fwith effective couplings, 30 o= ]

-1 0 1 2
HWW
-1 0 1 2
HWW Htt Htautau

= profile likelihood for now fike AtLAS]
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