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= experimemalists talk, theorists listen [speaker quietly leaving the stage]
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Immediate questions

0. Are all analyses air tight?

— alternatively: can theorists help?
— QCD always a good candidate for improvement et recoil, heavy flavor,...]

1. What is the ‘Higgs’ Lagrangian?

— psychologically: looked for Higgs, so found a Higgs

— CP-even spin-0 scalar expected
spin-1 vector unlikely
spin-2 graviton unexpected

2. What are the coupling values?

— after fixing operator basis
— Standard Model Higgs or beyond?

3. What can we expect in the future?

— WBF analyses still weak
— VH and {tH missing
— self coupling not accessible?
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First question [not first answer]

Immediate

1 Operators — what are the Higgs quantum numbers?

2 Couplings — what is the structure of the Higgs Lagrangian?
;::’:a‘e — can the Higgs give mass to heavy states?

High scale

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]
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Operators

First question [not first answer]

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

Model independent angles

— first step: Higgs polar angle for spin-0 vs spin-2 [aies; Choi etal]
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Model independent angles
— first step: Higgs polar angle for spin-0 vs spin-2 [aies; Choi etal]
_dho
dcos 6*

- analysis of H» 2Z2Z decays [Melnikov etal; Lykken etal; v d Bij etal; Englert, Spannowsky, Takeuchi]
decay plane correlation the classic  [cabibbo & Maksymowicz; DellAquila & Nelson]

Po(0*) = 1 Py(6*) ~ 1+6 cos? 6™ +cos* 6™
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1 Qperators — what are the Higgs quantum numbers?
S — what is the structure of the Higgs Lagrangian?
;:Lu;e — can the Higgs give mass to heavy states?
High scale

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

dly « " 2 4
——— ~ Py(07) =1 P>(6") ~ 14+6cos” 0" +cos™ 0
Tooags ~ Po(6) 2(07) ~ 1+ +

- analySiS of H—+ ZZ decays [Melnikov etal; Lykken etal; v d Bij etal; Englert, Spannowsky, Takeuchi]
decay plane correlation the classic  [cabibbo & Maksymowicz; Dell'Aquila & Nelson]

- analysis of WBF jets [Rainwater, TP, Zeppenfeld; Hagiwara, Li, Mawatari; Englert, Mawatari, Netto, TP]
azimuthal jet angle with same information

— Higgs operators testable in almost all channels  vc: Madgraph, etc]

= will this work?
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Current model [guessing answer to question One]

— assume: narrow CP-even scalar
SM-like D4 structures
SM-induced D6 structures

— couplings from production & decay combinations?

99 — H H— ZZ
qq — qqH - Ho
gg — ttH — hxx = 9pxx (1 + Ax) — - _
99’ — VH H— "1
H— vy

Why 126 GeV is perfect [Diihrssen et al; SFitter 2009/2012; Contino etal; Grojean etal]

— measurements: GF : H — ZZ, WW, v~ (2011
WBF : H— ZZ, WW , ~~, 77T [2012]
VH : H — bb (2015 BDRS?]
ftH : H — bb... 2015 boosted?]

— parameters: gyxx with X = W7 Z7 t, b, T,9,7 [plus Higgs mass, maybe Z+]
9395

— correlations: Ney x ——F———
rtot({g)z(})
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Current model [guessing answer to question One]

— assume: narrow CP-even scalar
SM-like D4 structures
SM-induced D6 structures

— couplings from production & decay combinations?

H— zZZ
99 — H
qq — qqH o Zﬂww
g9 — ttH Grxx = ixx (1+ Ax) < H%bb _
4 — 7T
qq’ — VH H— vy

SFitter ansatz [(Duhrssen), Klute, Lafaye, TP, Rauch, Zerwas]

— experimental/theory errors on signal and backgrounds (rrig
Atlas and CMS both included
total width from observed partial Widths  [most general ansatz now]
electroweak corrections still not relevant

— starting point: exclusive likelihood map
individual coupling: profile likelihood
best fit: Minuit
errors: toy measurements

= global and local analysis possible
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Global view on 8 TeV data [Kiute, Lafaye, TP, Rauch, Zerwas; TP & Rauch]
— gw included post-ICHEP
(1) expected 2012: SM central values, measured error bars

— two symmetric solutions A; = 0, —2
(2) measured 2012: measured central values and error bars

— top Yukawa benefitting from fluctuations
weak third solution with large quark Yukawas

Local view on 7 TeV data

— focus on SM solution where possible
— five couplings from data o= 1eay

@ SMexp.

gw ~ 0 while g7 okay > o

W=Z data

gp and g; hurt by secondary solution
g- inconclusive in data

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

=

R
&
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&
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Global/local analysis

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

— gw included post-ICHEP

(1) expected 2012: SM central values, measured error bars
— two symmetric solutions A; = 0, —2

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

— top Yukawa benefitting from fluctuations
weak third solution with large quark Yukawas

Local view on 8 TeV data [post-icHEP]

— focus on SM solution

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

— six couplings from data (errors 20 — 50%]
= SM exp.
9w,z fine 0 BN
gt,p indirectly
g- poor 05
now possible
9y p o I
LS8
-0.5 t
-1

9=g5 (144)
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Global view on 8 TeV data [Kiute, Lafaye, TP, Rauch,

— gw included post-ICHEP

Zerwas; TP & Rauch]

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

— two symmetric solutions A; = 0, —2

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

— top Yukawa benefitting from fluctuations

weak third solution with large quark Yukawas

Local view on 8 TeV data [post-IcHEP]

— focus on SM solution
— six couplings from data (errors 20 — 50%]

9w,z fine hypothesis Xao12/dof | sol's
91,p indirectly Standard Model 43.3/54

g- poor form factor Ay 32.2/53 1

g how possible two-parameter Ay ¢ 29.0/52 2

independent Ay 27.7/49 3

— all hypotheses great: Ay, Ay, Ay, ... | including A, 27.3/48 2

= moving towards Standard Model?
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More on couplings

Anomalous Higgs couplings  [Hagiwara etal; Corbett, Eboli, Gonzales-Fraile, Gonzales-Garcia]

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

as fyv gMw $2(fas + fuw — faw)
9o = “ g e M
@ _ 9Mw s(fw — fg) @ _ My s[2sfag — 2cPfyw + (P — $°)faw]
Ihzy = “pe 2¢c Gnzy = e 2¢c
@ _ 9Mw Py + §°fg @ _  GMy s*fesg + c*haw + P faw
Ghzz = 2 2¢? Ghzz = =2 2¢?
oy = Dot it =~ 2
— 30 e bHC (748)T6V + Tevotron .

— asume fW = fB [otherwise no convergence] % sE El E|
fit fag, fww, fe8 5 m,@, fj %f
observe usual sign-flip degeneracy 155 1k :
compare to Ax and A in gywwy fop El 3

b iE £
&N 7
Sty B

% A F fr=fealTeV?
S0t £
i
1
S
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Immediate Direct measurement ﬁH, H— b[) [Atlas-Bonn: Jochen Cammin]
1 Operators — crucial to understand Higgs sector (detais later]
2 Ci I .
e — trigger: t — bW+ — bety _
8 Future reconstruction and rate: T — bW~ — bjj 2 [ e
Weak scale . - . o 7E A t:h;g;\uml‘ ‘
P — continuum background ttbb, ttjj weighted by btag] 6 A LH redistic owumi)
igh scale <F
— not a chance:
1— combinatorics: my in pp — 4bgag 2 Lv P
2— kinematics: peak-on-peak <«
3- systematics: S/B ~ 1/9 ==
- 100 110 120 13 7

30 140
my, (GeV)
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, Direct measurement ttH, H — bb  [Atias-Bonn: Jochen Cammin]
Immediate

1 Operators

crucial to understand Higgs sector (details later]

trigger: t — bW+ — blty _
3 Future reconstruction and rate: t - bW~ — bjj 2
2]

2 Couplings

TOR method
Likelihood reconstruction
LH high lumi

L]
*
A
N~ | % LH realisic low lumi)
.,

N o

Hesiseale — continuum background 7bb, tTjj weightedby btagl o
High scale oF
— not a chance: E
1— combinatorics: my in pp — 4bag 2j Lv I T B
2—kinematics: peak-on-peak
3- systematics: S/B ~ 1/9 S,
R Ti0 EF T

30 140
m,, (GeV)

Chapter 5. Physics Studies with Tracks mesons,
"
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Future: top Yukawa

Direct measurement ttH, H — bb

[Atlas-Bonn: Jochen Cammin]

crucial to understand Higgs sector  (details later]

trigger: t — bW+ — bétv

reconstruction and rate: T — bW~ — bjj
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

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

require tagged top and Higgs
trigger on lepton
only continuum ttbb left it sidebands]

r
0.6 |

T
do/dmyj

[fb/5 GeV]

R ;V-,»

AV

\
\

tiH — ]
AN

ttjj v/t
[N\

R
\
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Future: top Yukawa

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

— crucial to understand Higgs sector  [details later]

— 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
3- systematics: S/B ~ 1/9

Fat jets analysis [TP, Salam, Spannowsky, Takeuchi] > 120 T T T T T T
3 ATLAS +Data 2011
— require tagged top and Higgs V0oL [Lat=a7ts’  [z(1TeV)o=13pb]
triCI er ongf(ge ton P %9 2 'Lmv O
99 P 2 ol [Muttet ]
w

only continuum £bb left it sidebands]
- tOp tagger Working [Atlas-Heidelberg, talk yesterday]
= can we doit?

o 1 1 S tim
140 150 160 170 180 190 200 210
Leading Top-Quark Candidate Mass [GeV]




Theory Questions — Eityre: top Yukawa

Tilman Plehn
‘ Direct measurement ﬁH, H — bb [Atlas-Bonn: Jochen Cammin]

Immediate
1 Operators — crucial to understand Higgs sector  [details later]
2 Couplings — trigger: t — bW* — bl _
3 Future reconstruction and rate: t - bW~ — bjj
Weak soale — continuum background ¢Zbb, tTjj  weighted by b-tag]
High scale

not a chance:

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

3- systematics: S/B ~ 1/9

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

68% CL: 14 TeV

— require tagged top and Higgs 0el = a0n" 0= o™ (14a)
trigger on lepton 3000
. =T 0.3 1000 fb”!
only continuum ttbb left it sidebands] 02| * 00"
— top tagger working  [Atias-Heidelberg, talk yesterdayk ] 1 B ]
= can we do it? o {* £
0.1 lmninn 1
0.2
-0.3  Gain factor
2
15 F
1 * o o o * 2 3

<+
9, ¢ ¢ % < ¢ %
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Weak scale theory

D6 operators
— SM: non-decoupling chiral fermions gy ~ as/(127v)
— new particle with charge Q and SU(3) Casimir C(R) [Reece]

2 3Q?
R, = T [1 10.28¢ (1 T \/Egﬂ , €= 5h

9hy~
= end of a fourth chiral generation [Lenz eta]
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Immediate D6 operators
e — SM: non-decoupling chiral fermions gpgg ~ as/(127v)
j::‘:!ngs — new particle with charge Q and SU(3) Casimir C(R) [Reece]
2 3
- megg = [rrom (= VR) =5

= end of a fourth chiral generation [Lenz eta]

nggS portal [e.g. Englert, Plehn, Rauch, Zerwas, Zerwas) 1.2 o5 or
] — 68"/: CL
— renormalizable mixing £ ~ (S'S) (H'H) da
. . _ o8
— form-factor correction to SM Higgs [cos x] 53
plus invisible decays S
= invisible Higgs possible? o4
0.2

04 0.5 0.6 0.7 08
cos?y,



Weak scale

Supersymmetry

— MSSM Higgs mass the best-predicted LHC observable?  [Hahn etal + Stal]
— stop mass/mixing crucial [m, = 1TeV, tan 8 = 20]
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e — MSSM Higgs mass the best-predicted LHC observable?  Hann etal + stal
2 Coupl . .
o — stop mass/mixing crucial [m, = 1TeV, tan 8 = 20]
3 Future
Weak scale - SUsY _pgrtlcles n ef_f couplings  feveryone]
stop mixing destructive  [reece]
High scale
@71_’_1 mf+mf_mfxf
g m R mm
Hag f ) [

= no final verdict on the MSSM



Theory Questions

Tilman Plehn

Immediate

1 Operators
2 Couplings
3 Future
Weak scale

High scale

Weak scale

Supersymmetry

— MSSM Higgs mass the best-predicted LHC observable?  [Hahn etal + Stal]

— stop mass/mixing crucial [m, = 1TeV, tan 8 = 20]

— SUSY particles in eff couplings  (everyone]
stop mixing destructive  [reece]

gHgg_1+1<mf+m? met2>

gM m - om mm?
Hgg i iy hh

= no final verdict on the MSSM

More general  [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 00%(smal\ tan 3)
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Weak scale

Supersymmetry

— MSSM Higgs mass the best-predicted LHC observable?
— stop mass/mixing crucial (m, = 1 TeV,tan 8 = 20]

— SUSY particles in eff couplings  (everyone]
stop mixing destructive [Reece]

[Hahn etal + Stal]

oo _q 1 (m  m _ mX}
- 2 2 2
g a\m  m mm

= no final verdict on the MSSM

More general [Gupta, Rzehak, Wells]

— modelling Higgs coupling deviations
— deviations allowed by other constraints ; I
— correlation of A, and heavy Higgs states os | ! II

1.2

SM

ry

= no final verdict on (too) many models? o8

|
04 1
0.2 i

Ag./g

0 lllllllllllllll
M
y RORLIILH
pod IR 1

5 10 15 20 25 30 35 40 45
tan 2



High scale theory

What if it is essentially the Standard Model

— many theories deCOUple in HIggS sector [custodial symmetry]
— any handle on high-scale evolution?
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High scale theory

What if it is essentially the Standard Model

— many theories decouple in Higgs sector [custodial symmetry]
— any handle on high-scale evolution?

High-scale effects

— Higgs mass related to self coupling: my = vv2X
top mass related to Yukawa: y; = \@m,/v

7d)\ = ! 4 2 212
dlog@ ~ 1672 [12/\ +6M7 3y - (392+91) T (2gz+(gz +95)°)

— IR fixed point for )\/ytz f|X|ng m,2_,/mt2 [with gravity: Shaposhnikov, Wetterich]

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

170} @

— Planck-scale conditions [Holthausen, Lim, Lindner]
= Higgs and top strongly linked

Higgs mass (Gev)

]

Top mass (GeV)
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Let’s discuss the questions

Immediate questions

0- Are all analyses air tight?

1— What are the quantum numbers?
2— What are the coupling values?

3— What can we expect in the future?

More specific questions

1— will this work?

2— moving towards Standard Model?

3— can we do it?

4— invisible Higgs possible?

5- no final verdict on (too) many models?
= thinking about a Higgs factory...
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Future: bottom Yukawa

Towards 14 TeV

— no bbH production observed
no H — bb decay observed which I trust]

— information from BR(H — bb) ~ 58%  Hpecay]
= ‘not a channel, but a research program’
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Immediate Towards 14 TeV
HEGHES — no bbH production observed
EACRIE no H — bb decay observed  which I trust
3 Future — information from BR(H — bb) ~ 58%  [HDecay]
S = ‘not a channel, but a research program’
High scale

Best channel qg — VH, H — bb

— let me comment on CMS analysis

— focus on boosted regime pr y 2 120 GeV
fudge factor Data/MC=1.91 + 0.14 4 0.31 for Wbb
data-estimated background Ac /o ~ 10%
12 observables in BDT [most of them work and are understood]
no side bands with any S/B

F T
E- cws Preliminary
=7Tev =501

Events / 15.0

= how will this ever work?

[my hopes rest on BDRS and jet substructure]
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