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New Physics (in DiHiggs)

Probe our current
understanding of

the fundamental

laws of nature...

Many hints and evidences for NP!

* Gravity

* Hierarchy Problem

* Neutrino Masses (See Saw)

Grand Unification of Forces

Flavor Structure

Baryogenesis

Dark Matter

* Trigger for Symmetry-Breaking Potential?
* Strong CP Problem

* Hints in Flavor/Precision Measurements?

How to get access to NP?.
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New Physics (in DiHiggs)

Many hints and evidences for NP!

* Gravity

+ Hierarchy Problem

Probe our curvent  Neutrino Masses (See Saw),

+ Grand Unification of Forces

+ Flavor Structure|

the fundamental . :Bargogemesis:

* Dark Matter

» Trigger for Symmetry-Breaking Potential?
* Strong CP Problem

* Hints in Flavor/Precision Measurements?

understanding of

laws of nature...

. Many links to Higgs Sector
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Properties of the Higgs Boson?

The Higgs Sec

.. offers a unique window to NP

Scale of New Physics?

19.7fo" (8 TeV) + 5.1 fb' (7 TeV)

Combined
1.00+0.13

H—> bb (VH tag)

H — bb (ttH tag)
H— vy (untagged)
H— vy (VBF tag)
H— vy (VH tag)

H — vy (ttH tag)
H— WW (0/1 jet)
H— WW (VBF tag)
H— WW (VH tag)
H— WW (ttH tag)
H— tt (0/1 jet)

H — =t (VBF tag)
H — 7t (VH tag)

H — 7z (ttH tag)

CMS _mH =125 GeV

Preliminar

H— ZZ (0/1 jet)
H— Z7Z (2 jets)

-4

-2 0
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2 4 6
Best fit ()'/()'SM

One of the bigg
discoveries of mankind

est
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The Higgs Potential

Very important test of SM/NP: :Higgs potemtialj == self couplings

V(H) = p* [HIP + XH[* ¢+ 1 (o
1= 75 (0 1n)
1 }
/ . Vacuum Stabili 'L'y \ <| H ‘>

* Origin of the Potential (< flavor) |
* Dark Matter

* Portal

* Baryogenesis

 * Hierarchy Problem — see later |
L. 4
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The Higgs Potential

Very important test of SM/NP: iHiggs potemt:'a( == self couplings

1 A\1h
V(h) = §m% h? + A3p, vh3 A . h* +
1 /SM )\3h = )\4}1 = m%/Qv%
Y/ Stabilit \ ) L0
acuum Staollity H — G <U+h)

* Origin of the Potential (< flavor) |

* Dark Matter

 Portal

* Baryogenesis

~ * Hierarchy Problem — see later |
e %

A

(1H1)
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The Higgs Potential

Very important test of SM/NP: :Higgs potemtia(: == self couplings

Log Adn
V(h):§@h2+)\3hvh3{ 1 h4_|_...

/4

my, ~ 125 GeV established @LHC
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The Higgs Potential

Very important test of SM/NP: :Higgs potemtia(: == self couplings

1 — A
V(h) = Smi h? + Agn vh® + S bt

Asn accessible in Higgs pair production
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The Higgs Potential

Very important test of SM/NP: :Higgs potemtia(: == self couplings

- SV
V(h) = smj, h* + A3, vh? \fh’/h‘l -

T m Triple Higgs production:
/| extremely challenging @(V)LHC

g
f _. <:
g “LH 0.06 fb @LHC14; a.45 fb @VLHC (200 TeV)

Plelhn, Rauch, hep-ph/0507321

e -

Asn accessible in Higgs pair production

N
J
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Higgs-Pair Production in the SM (Lo)

. spin-0 spin-2
TG = aiaeys [CaFa + Cakal + (CaCal
g W e S—
q {ﬁ/ It qy
E RNTE - H
2
Ca = ;’_mﬂfsz, Ch=1
(g9 — hh)EM 17 fb o2 " 2 o,
(99 — hh)Xnro ~ 40th & =3 TOE/mg), Fo=—5+0E/mg)
e e G = O(3/m)
See e.g. Plehn, Spira, Zerwas ph/ 9603205

de Florian, Mazzitelli, 1305.5206, 1309.6594
see also Maltoni, Viryonidou, Zaro, 1408.6542
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Different Decay Channels

Expected Significance @ 600 fb™ (SM)

hh — b{}w g 20 (S/B=6/12)

Baur, Plehn, Rainwater, hep-ph/0310056

hh — bbr 7~ ~ 4.50  (5/B=57/114)

Dolan, Englert, Spannowsky, 1206.5001

Butterworth Davison,

; \% I \%ﬁ llllll \/é Rubm Salam, 0802.24.70

hh — bbW W~ ~ 30 (S/B=12/3)

Papaefstathiou, Yang, Zurita, 1209.1489

Theorists' analyses!
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The Higgs Potential

Most stringent projected constraint on Asp alone @ LHC14

N
| FG, Papaefstathiou, Yang, Zurita 1301.3492; 1309.3805

Baur, Plehn, Rainwater, hep-ph/0211224, hep-ph/0310056
—1 | Dolan, Englert, Spannowski 1206.5001
30% @ 8000 fb ) Baglio, Djouadi, Grober, Mihlleitner, Quevillon, Spira 1212.5581

Az, = (40 — 50)% @ 600 h~!
Adan
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New Physics in hh Production

SUPERSYMMETRY

« SUSY 50

Standard particles SUSY particles

g , h ---—-h
{J
t.b - v
h.H -
g “h Tt h
€ COSQ
Mwn = 3cos2asin(3 + a) +3— —— cos’a,
m2 sin §
. . € sina
Agnn = 2sin2asin(f + o) — cos 2 cos(f + @) + 3——— cos”
my sin 3
J G I i _a”
6) <l ® i =l
q g oo i 7 G <
case | model | tan3 | my, (GeV) | A (TeV) | u (TeV) | o (fb) | dominant mode
1 MSSM 3 104 +1 -1 2000 | gg — H — hh
2 | MSsM| 3 100 + —1 20 gg— i
3 MSSM | 50 105 +1 +1 5000 gg — hh
4 SM - 105 - - 40 gg — hh

Plehn, Spira, Zerwas, ph/9603205,
Djouadi, Kilian, Muhlleitner, Zerwas, ph/a904287,
Lafaye, Miller, Muhlleitner, Moretti, ph/0002233,

Cao, Heng, Shang, Wan, Yang, 1301.6437, ...
Higgs Hunting 2015 - 31.7.2015

e etcC...

Florian Goertz

» Composite Higgs

composite
elementary

SM,

SU@2)7xU1)y

N =US,, U= Fhhal"

excluded @ 7 TeV
* tested @ 8 TeV
o allowed

£=025sin¢; <0.5
- .t-’

xxd

Gillioz, Grober, Grojean, Muhlleitner, Salvioni, 1206.7120,
Contino, Grojean, Moretti, Piccinini, Rattazzi, 1002.1011,
Grober, Muhlleitner, 1012.1562,

Contino, Ghezzi, Moretti, Panico, Piccinini, Wulzer, 1205.54-4

4

13

Nevenss / 300 fb~'



‘Model Independent’ Approach to NP

* If NP resides at high scale E>>Mgy, , can be described FlGeV]
10" B8 Mpy
by operators with dim[O] > 4, independently of the
concrete theory that completes the SM! 105 B
- Ca _*\
£:£§M§4+ZA_ZZO?_6+ vp = "
\_ % > A

local operators built of SM field
content, respecting gauge symmetries

c.f. Fermi Theory = New Physics

d u d

X

Weinberg, Wilson, Callen, Coleman, Wess, Zumino, ...
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Physics Beyond the S5M

* If NP resides at high scale E>>Mgy, , can be described El[;;ljﬂ .
{HPL
by operators with dim[O] > 4, independently of the
concrete theory that completes the SM! 105 B
a C _*\
L £§M§4+ZA—;O??_6+... / A Mp
L 1 J
Effects scale like E2/A? ™= A ot of room |
— suppressed by mass scale for new physics! ‘o
of heavy new physics LHC
[leading effects: D=6, D=8 further suppressed] 102 — Mgy

SM as IR limit, expected to work perfectly well at low E
- new fundamental theory takes over at large E

Higgs Hunting 2015 - 31.7.2015 Florian Goertz 15



EFT Approach to New Physics

* Full set of non-redundant operators (i.e., basis):

59 D=6 operators (2444 including full flavor structure)
[assuming B&L conservation] Buchmuller, Wyler, NPB 268(1986)621—653
Grzadkowski, Iskrzynski, Misiak, Rosiek, 1008.4.8 84

X° £ and ¢'D? Y2 .
a0 [rmcramae | @ - (;W o (;,_f:,) o Alonso, Jenkins, Manohar, Trott, 1312.2014
& | PAECANGEGO | Qe | (Pt Que (') (T, P)
Qw | EWEWIWE | Qup | (£1DP¢)" (9 Duy) || Quo (070) (Fpdrip) (LL)(LL) (RR)(RR) (LL)(RR)
Qu | MWW G )0t | Qe | @nedenie) | Qe | Grpd)ente)
X2 X "D (TpVuttr ) (@7 @) Quu (e (a7 10e) Quu (Ll (W7 uc)
Qua Pl Gl G Qaw | (Hotve)rioW}, | @ (i Dy ) (Gl (G a) (@ ') | Qaa (dpyuddy) (dey™dy) Qua (Bpyule) (o de)
Qo Pl G, G Qe | (o™ e )9 B QP | (¢t DI )iy (lmlr)(qsw“q:) Qeu | (Epvuen) (@A ur) Qe | (Gna)(ente)
Quw wlp I’Il{,}[”*“’ Quez | (GoTu )3 G, | Que (-\,ofiﬁu ©)(Eyvier) (™ 0 ) (@ 7 ) || Qea (Bpyper) (diytdy) Qu (@pYugr) (T ) 0
Qv | deWLwh | Quy | (@o*u)r'dW}, | QW | (eliDie)@*a) Q| @ma)(dard) | Q| @wT e) (@ “T‘uf) i CO V\-Stra (N
QL:B VTY” BWBW Qup (QPUWTH)?BM ‘(5;) (Hfiiﬁ.:{ ‘?)(1717“%) QS; (ﬂp%TAHT)(En“TJ‘dt) led) qp “qr)( [} [}
ng ol éﬂ,,B‘“‘ Qe | (@e™T4d,)p G':y Qo (;%iB‘L o) (pyiuy) Q;? (@, T g,)(d, T-‘d) c 0 e FF{ C l eV\'tS OF
Quvn | SeWLB | Quv | God)r oW, | Qu | (oD, p)(dedy) | WL 2nd (ERILR) Brviclatine
Qs | #TeWLB* | Qur | (@0"d)eBu | Qua | iF Dug)(@nd;) (er)(dsal) Quug ey [(dg)TCuf] (7Y Clf] tb‘ 656 0 @ ra to VS
- (@ur)zie(@id) || Qo =2y [(gg)TCa¥] ()T Ce] p
Table 2: Dimension-six operators other than the four-fermion ones. | @T*u)e(a 2Td,) é}z)q e [(qn})TCq.ﬂ} [(g™)"Clr] ,
A | @een@u) |G| e (O] (@) [One way to go, given
QR | Bowenentdia™ w) | Quu e [(dg)" Cuf] [(w)7 Ce) the lack of evidence in
Table 3: Four-fermion operators. Favo‘/ 0F Comcrete mode{s]

For non-linear realization, see Grinstein, Trott 0704.1505
Contino, Grojean, Moretti, Piccinini, Rattazzi 1002.1011
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Higgs Boson EFT

* Neglecting operators strongly constrained from precision tests

See e.g.: Elias-Miro, Espinosa, Masso, Pomarol, 1308.18749; Pomarol, Riva, 1308.2803; Corbett, Eboli, Gonzalez-Fraile,
Gonzalez-Garcia 1207.1344, 1211.4580, 1304.1151; Falkowski, Riva, Urbano, 1303.1812; Contino, Ghezzi, Grojean,
Muhlleitner, Spira, 1303.3876; Dumont, Fichet, von Gersdorff 1304.3369; Trott 1404.7605; Falkowski, Riva,
1411.06649; Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, Rauch 1505.05516; HXSWG; ...

Ce
L= Lon+ S (@ HP)P — SAHP
(Azyt‘H| QrHtp + Azyb‘H‘ QLHbR + AzyT|H|2I_JLHTR_|_h.C.)
QsCq 2 a v o/ Cy 2 v ZCWW
H G ,GY H*“B, B" +—0O L L
47_‘_A2‘ ‘ 47TA2| ‘ [V +167T2A2 WW (+ CP —1_ 4f)
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Higgs Boson EFT

* Neglecting operators strongly constrained from precision tests

See e.g.: Elias-Miro, Espinosa, Masso, Pomarol, 1308.18749; Pomarol, Riva, 1308.2803; Corbett, Eboli, Gonzalez-Fraile,
Gonzalez-Garcia 1207.1344, 1211.4580, 1304.1151; Falkowski, Riva, Urbano, 1303.1812; Contino, Ghezzi, Grojean,
Muhlleitner, Spira, 1303.3876; Dumont, Fichet, von Gersdorff 1304.3369; Trott 1404.7605; Falkowski, Riva,
1411.06649; Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, Rauch 1505.05516; HXSWG; ...

e

— 2 C6 | Pure Higgs
L = £SM 2A2 (8“|H| ) e — A H 99 Yukawa type
(Agyt‘H‘QQLHCtR+A2yb|H| QLHbR+A yT‘H‘ LLHTR"_hC)
( UsC a W o' ¢ L T
+ L |H G, Gl L |H|* B, B :;%
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Higgs Boson EFT

* Neglecting operators strongly constrained from precision tests

See e.g.: Elias-Miro, Espinosa, Masso, Pomarol, 1308.18749; Pomarol, Riva, 1308.2803; Corbett, Eboli, Gonzalez-Fraile,
Gonzalez-Garcia 1207.1344, 1211.4580, 1304.1151; Falkowski, Riva, Urbano, 1303.1812; Contino, Ghezzi, Grojean,
Muhlleitner, Spira, 1303.3876; Dumont, Fichet, von Gersdorff 1304.3369; Trott 1404.7605; Falkowski, Riva,
1411.06649; Corbett, Eboli, Goncalves, Gonzalez-Fraile, Plehn, Rauch 1505.05516; HXSWG; ...

L=Lsm+ 575 A2 — (O H*)? — )\\H\G
(Azytuﬂ QLHCtR+ Azyb‘H‘ QrHbR + AzyT|H|2I_JLHTR+h.C.)
A5Cq 2 ~a U o Cry 9 U
1 “ H|*B,,B"
i 47TA2‘ "G G 47TA2‘ "By

Basically unconstrainable from single-Higgs physics: Cé|
— enters Higgs potential == self couplings
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The Higgs Potential

A2 )\|H| enters Higgs potential == self couplings

V(H)=p? |H> + N H* + P)\\H\G

Higgs Hunting 2015 - 31.7.2015



The Higgs Potential

%MH |6\ enters Higgs potential == self couplings
1 A
V(h) — §m%h2 —I—)\3h”0h3 | jlh h4_|_...
2 (a2
A3h :7277,72 _1 +\C[6\2/]
2 T ¢ 2
#A\ih :;nTg _1 +\6Cj€§ ]
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The Higgs Potential

Cgaccessible in Higgs pair production:j A3n = A3n(ce)

Challenge: Many more operators contribute to gg—hh

Higgs Hunting 2015 - 31.7.2015 Florian Goertz



99— hh in D=6 EFT

€6 | 17(6| Pure Higgs
L=Lsmtgps A2 (8M|H| - )\|H| 7 Yukawa type
(AzytﬂHPQLHCtR‘F yb|H| LHbR—i— AgyT‘HPI_/LHTR‘i—h-C-)
O‘ch 2 ~a uy\ a’ ¢y 2 v,
T ez Al G G+ o 1HF B B ::%
1 0
hh SV (’U+h)
9= new diagrams

@ N ( b 4 - ) Vs N e S ™~
% K >, o ) ’, N
(o, .
N f s 7y // )
s 5 ) )
s 2 ) ’ )
h J
N ~

2
CHU CHU o
h— (1- h—
( 2A2) 2A2
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99— hh Cross Section in D=6 EFT

Q'LJ ‘ )\ h ) \ N ) LS
A& N\ ,/ - / S

Y,
do(gg — hh G4%a
( ~ ) |CAFA(1—QCH—|—C,5—|—C6)—|—3FA(3Ct—CH) —FQCQCA
dt ERT 256(27T
. . 2
FG, Papaefstathiou, Yang, Zurita, . | |
i mar + CDFD({ CH —|— 2¢t) + QCQCD + |CqGH
see also Azatov, Contino, Panico, Son, 1502.00539 % | /’/
NLO: Grober, Mihlleitner, Spira, Streicher, 1504.06577 I ::%
\ \\
3 2
Cp = b Ch=1
Fa=2+0@/md), Fo=—2+0(/md), = \
= — S/ . = — — S/m 3 ’ v ’ |
273 Q7 - 3 @ Implemented in MC generator Herwig++

Normalize to NNLO: de Florian, Mazzitelli, 1309.6594
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file:///abs/1502.00539

Higgs Decays in D=6 EFT

Mode tree 1 loop QCD 1 loop

yd ™ Ve ™

h — bb CH, Cp €y €5 CH , Cp, Ct, C, CW

h— 7T CH, Cr / CH,Cr,Cg, CW

o / o /

h — vy Cy Loop + 1/A* suppressed wrt SM CH , Ch, Ct, Cry CW

h— WW CH, CHW, CW - CH , CW, Cb, Ct, Cr, Cg
hh / s

gg — nn \Cg Ct, Cp Ct, Cp, CII?‘E/ )

99 — h Cq Ct, Ch, CFf Ct, Cp ,CH

Bold coefficients included in FG, Papaefstathiou, Yang, Zurita, 1410.3471 Don't include suppressed (loop)

operators in loop topologies

Focus on |
hh — bbr T~ m) & Parameters: {Cg, Cp, Ct, Ch=Cr, Cg, c,},}
@LHC14 Unique accessibility in hh production!

Ow.B.aw.HB € Oww

Higgs Hunting 2015 - 31.7.2015 Florian Goertz 25



99 >hh Cross Section in EFT

hh@14 TeV

100.0

20.0f " ~.

L
- -
-
10.0F =~ ~
. - .
- -
-

ale; ) ;’rU M

Dill.O -0.8 06 -04 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

G FG, Papaefstathiou, Yang, Zurita, 1410.3471

. . g ‘ . MSTw2008nlo_nf4 PDF
« Effect of varying individual Wilson coefficients

* Dashed: parameter-range excluded from curvent h data at the LHC
— used HiggsBounds, HiggsSignals on cross sections calculated via eHDECAY

Bechtle et.al., 1311.0055, 1305.1933
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99 = hh after cuts

Efficiency

pt of taus

hh@l-q- TE.IUI.‘ ana|y5i5 0.20_ T T T I T T T I T T I L — |_
0-25 T T T T T
- ﬂh‘
e — —
o220k ] ] 0.15
— 2
<
_ iy )
0.15} - T 0.10
N %j pt of di—tau
J g RN S RS RN RN
o 8 :
0.10¢ 0.05 [ 3 B
0.05E
0'00 1 1 1 1 1 1 1
0 100 200 300
pT(7) GeV
D_DD 1 1 1 1 1 1 1 1 1 __0 5 0.05 —
—-1.0-08 -0.6—-04 —0.2 0.0 0.2 04 06 0.8 1.0 ¢i=0.
f.‘-t -t
FG, Papaefstathiou, Yang, Zurita, 1410.3471 oool i L L B

pT(7r7) (1/GeV)

MC generator important for analysis

— describe distributions, which determine efficiencies ¢(c;)
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99 = hh after cuts

Efficiency Cross Section

0.5 hlh@ll-ﬂl TE‘IH.-", arllalysiIS 107 . | | hlh{r;n_}llzﬂr TE‘IH.-", ar?alysils | .
— ¢y . — oy
—_ — ¢

0.20} oo ;
— t?y
—_—

0.15} i

ele; )

0.10F

(ole;) €ele; ) )/ (ogny €gn)

0.05L

D_DD 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1
—-10-08 -0&-04-02 00 02 04 06 0.2 10 —-1.0—-08 —06&—-04-—-02 0.0 0.2 04 06 0.8 10

t?‘i &

FG, Papaefstathiou, Yang, Zurita, 1410.3471

MC generator important for analysis
— describe distributions, which determine efficiencies ¢(c;)
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Expected Constraints after full analysis: c,.-cg

hh@14 TeV, L = 600fb ', f,, =0.3 gaussian

2.0 : o e e 1.0
1.5¢ - . . :-‘t :“ ® II. “il . - 0.9 R o _l_ _
- b s ° Consider hh — bbr™ T
1.0 - o I . .
v AR o7« Marginalize over other
0.5+ . . . L] e Ig @y © -
v A i i 0.6 . . N .
Voo o directions within
P00 :)( ‘1‘ :'. o\ o 0.5
sl e e b e projected ranges
‘\ ! 410.3
—-1.0+ - : : - . ° “ [ (5] (5] 5] l,. .
'I.‘ L] _02
-15F - e ‘\o‘ °© o o o Lo
-2.0 - - Ll o0
—0.4 —-0.2 0.0 0.2 0.4
Cy

e Clear corvelation visible: Enhanced hh cross section due to

negative ci can be compensated by reduction due to positive cg
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Expected Constraints after full analysis: c,.-cg

hh@14 TeV, L = 3000fb™", f, =0.3 gaussian

2.0 %5 T F 1- 1.0
W !
!
0.9
1.5} - : e
1
’
1S 0.8
1.0 - : . ® l.' = @ ] (o] L J 1
-l
0.7
0.5 ‘e
D+ . . . o : e ° o] : .: o - 06
LY
I' . LI
& o.op BN S 0.5
"‘ ! ’ 1
~ ’ 1
0.4
_05_ . . . . . .=‘ .“ ) " ("] |
A ’ 1
1Y - - 1 _03
]
—1.0r - . : : - s 1@ (-] o o '. °
) ' 410.2
1 '
—1.5F . . . : . . 1
k\ Q ] (o] ' o 101
\ I
A !
_20 1 1 1 Y - e & _00
—0.4 —-0.2 0.0 0.2 0.4

Gt
« Precise knowledge on ‘top Yukawa’ ct helpful to improve the range for c,

« On the other hand, could also obtain meaningful information on ¢, in hh

Higgs Hunting 2015 - 31.7.2015
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Expected Constraints after full analysis: c,.-cg

hh@14 TeV, L = 3000fb™", f, =0.3 gaussian

2.0 %5 T F 1- 1.0
W !
!
0.9
1.5} - : e
1
’
"~ 0.8
1.0 - : . ® l.' = @ ] (o] L J
-l
0.7
05 '
=i . : . -l d e ] : .: e 0.6
LY
I' . LI
& o.op e e o e el - 0.5
"‘ ! ’ 1
~ ’ 1
0.4
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« Precise knowledge on ‘top Yukawa’ c; helpful to improve the range for c,

« On the other hand, could also obtain meaningful information on ¢, in hh
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Expected Constraints after full analysis: c,.-cg

hh

hh@14 TeV, L = 3000fb™", £, =0.3 gaussian -'g'-’r .v'T‘f 4TeV L=3ab™’
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Azatov, Contino, Panico, Son, 1502.00539

« Precise knowledge on ‘top Yukawa’ c; helpful to improve the range for c,

« On the other hand, could also obtain meaningful information on ¢, in hh
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Expected Constraints after full analysis

hh@14 TeV, L = 3000f

b~', f,=0.3 gaussian
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hh@14 TeV, L = 3000fb ', f, =0.3 gaussian

2.0 1.0
1.5} ° ° e ® & 09
L. 0.8
1.0 ® ) ) ® e.” @
- --" - 0.7
‘- =
0.5} ° ’o PR o [} ] ©f 06
f" - a'—— oT
0.0 s % b1 e ,-% ) ° o 0.5
¢ .
-~ . 0.4
-
—0.5 e ] " ) ° ® ° o '
‘I
. 0.3
-1.0 e L& o N
‘ 0.2
. .
,
~15 (4 _
Lo’ 0.1
|-
720 Y 1 1 1 1 L 1 1 00
-0.3 -0.2 -01 0.0 0.1 0.2 0.3 0.4 0.5
Gy

* In general significant corvelations
See also Azatov, Contino, Panico, Son, 1502.00539
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hh@14 TeV, L = 3000fb !, f, =0.3 gaus
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Final Results

Expected 16 constraints at the 14 TeV LHC, assuming fy, = 30% ‘

model L =600 fb1 L = 3000 fb~!
c-only c6 € (—0.5,0.8) c6 € (—0.4,0.4)
full (future) cs € (—0.8,0.9) c6 € (—0.6,0.6)

FG, Papaefstathiou, Yang, Zurita, 1410.3471

* Use real p-values from curvent single Higgs measurements in marginalization:

full cg = —1.3 ce = —1.2

See also Azatov, Contino, Panico, Son, 1502.005349 (bbyy)
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Presence of 1*

« 12 |H|?: only relevant operator in SM
* Origin of hierarchy problem

* Have so far not tested if actually there!
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Presence of 1*

« 12 |H|?: only relevant operator in SM
* Origin of hierarchy problem

* Have so far not tested if actually there!

Cé6
V(H) = A|H|' + 2 H

* FM”y V@place HteVVV\ by D=6 Operator FG, 1504.00355
* A0, EWSB not triggered by negative p> term
* =0 really possible by adding D=6 op. in consistent EFT ??
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Presence of 1*

Yes, due to the lightness of the Higgs Boson

- appropriate 1% order PT possible
8l 14+
[ 12
6 10
ke 3:-
a4 & i
I 6L
2- Zr— A2 /02 4+
___________________________ g = ce\" /U7 :
| 2 _
0*‘—'_""'
| | | | | 1 1 | 1 | | | | | | | 1 1 [:]
0 200 400 600 800 500 1000 1500 2000
i FG, 1504.00355 A

SM one-loop CW — small correction: Limits from EWPT — see Grojean, Servant, Wells, hep-ph/0407019
FG, 1504.00355
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U-less SM testable at LHC

2m A? ' [
-2 NP conventions of GPYZ, 14103471 ce ~2 —1.9
v TeV™  inel. cw shift L )

14TeV LHC, 1o:

model L =600 fb~1 L = 3000 fb~1
cg-only cg € (—0.5,0.8) c6 € (—0.4,0.4)
full (future) cs € (—0.8,0.9) c6 € (—0.6,0.6)

* Use real p-values from curvent single Higgs measurements in marginalization:

full cg = —1.3 cg = —1.2
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Enhance Sensitivity: Consider Distributions

. Optlw\:ze Analysis to Kinematical Properties

0.7

0.05} £

Node1
Nsamples_ 54 -

400 600 800
mhh [GeV/c?]

Higgs Hunting 2015 - 31.7.2015

Dall'Osso, Dorigo, FG, Gottardo, Oliveira, Tosi, , 1507.02245

o Cluster parameter space wrt expected distributions
LR

\/T523 :
\ Tslzmin > Tsﬁmin
T513 Tslzmin > TSzgmin

"
400 500600 J00 0500 200 500 600
mhh [GeV/cT]

400 500 600
mhh [('ie\.’a’r;zi],D

400 500 600 GZDD 400 500 600 GZDD
mhh [GeV/c] mhh [GeV/c’]
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Enhance Sensitivity: Consider Distributions

Node 5
Numplu= 46

Node 3

Node1 o a8
0.15 Naampies = 38 |
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| 0.1
o.0sf B
[ { o005
- . v T o v eTaT - e i
B0 S0 4 HO0 B =00 B H0H0 s =00
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Node 6 Node 8 0 Node9 1 " Node 10
Nampies = 261 Ny arpies = Ny mpies = 347

Nunpm= 175

00
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Conclusions

* Higgs sector still contains many mysteries

* Analysis of hh production
— unique insight on structure of (D=6) extension of SM!

The Higgs discovery is not the end,

,/

\l't is just the beginning.
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BackUP: The Higgs Potential

((9“|H 2 ) enters after canonical normalization of kinetics

2A2 )
1 A
V(h) — 5771% h? + A3p, vh? | jlh % + ..
2 T 3 2
=5 |1+~ |

m2 : 6061) 5Crv?
ooty
7 M g i A2 3AZ2 /]

2
h—>(1—CH” )h—ﬂfﬂ CH p3

2A2 2A2 6A2

removes also momentum-dependent interactions
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Backup: 99 = hh

EWSB — Relevant Terms: P Yo L
2 / .
m 3 3 1r-o 5?)———7———4/
Lnn = — 1l—=cyg+tcg|h . & A
QU 2 / & R \@é\j
) > < h | & I
L '\ J \ AN
¢ 2
Arm Tz
/1\\
m o i
_ [ (1__—|—Ct) tLtRh—FhC} I
v 2 .
. =

CITLt 3¢t CH \ - 2\\
_ [\/Uz ( 5 — 9 )tLtRh /F hC]

chU2) CHV

2
onr ) gpeh

ci = c; N2/v® h— (1— .
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Backup: HH Production: MCHM s

4.0 - 12
excluded @ 7 TeV f = 0.25, sin ¢; < 0.5
3.8/ o tested @ 8 TeV
- o allowed 1
3.6 3
| |
E3.4 f
Eﬁ - 10 E
‘E;?).Z- ‘-:;
5
3.0... 0 253
2.8
261 e LET :
500 1000 1 500 2000

Gillioz, Grober, Grojean, Muhlleitner, Salvioni, 1206.7120

See also Contino, Ghezzi, Moretti, Panico, Piccinini, Wulzer, 1205.5444

* Important contribution:
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Backup: Explicit Analysis

Dolan, Englert, Spannowsky, 1206.5001

. bt
FOCMS OV\ hh — bbT T Baglio, Djouadi, Grober, Muhlleitner, Quevillon; 1212.5581
@L_HC:L4_ Barr, Dolan, Englert, Spannowsky,, 1309.6318

Maierhoefer, Papaefstathiou, 1401.0007

Significance @ 600 fb™ (SM)
hh — Dby~ < 20 (S/B=6/12)

Baur, Plehn, Rainwater, hep -ph/0310056

J— _|_ _ ( )
hh — bortr ~ 4.50  (S/B=57/1149)
Dolan, Englert, Spannowsky, 1206.5001
R e -« Butterworth, Davison,
‘ \A = \é o \Z‘ Rubin, Salam, 0802.2470

Papaefstathiou, Yang, Zurita, 1209.1489

Theorists' analyses!
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Backup: Analysis hh — bbr*r-

* Main backgrounds: o pp — tt = bbrT 77 (+Eyis)

Generated with aMC@NLO o pp 77 s bbrt—

(+ HERWIG++)
Frixione et. al.,, 1010.0568 _
Frederix et. al., 1104.5613 ® DD —> hZ — bbT—I_T_

Alwall et. al., 1405.0301

W Cuts:

e Two 7-tagged jets with p; > 20 GeV

e one fat jet with R = 1.4 (CA), two hardest sub-jets b-tagged (|n| < 2.5)
® M +,.—, Mt € My — 25 GeV,my, + 25 GeV]
o ' P77 > 100 GeV, AR(h,h) > 2.8, p'" <80 GeV

see: Dolan, Englert, Spannowsky, 1206.5001;
Maierhoefer, Papaefstathiou, 1401.0007

b,t-tagging efficiencies: 70 %
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Backup: Analysis

* Start with model where OV\IQ Cg # O (unconstrained from single h)

ll}Varg only A (as in previous studies)

o S(cg) signal + B background events @Q given Ly
e N(cs) = S(cs) + B, SN? = 557 4+ 0B + S2f3,

\\

ON? = N+ §%f2
f‘

/30%\ ~ 10% (scale) + 10% (pdf + ag) + 10% (m; )

/
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Backup: Analysis

* Start with model where OV\IQ Cg # O (unconstrained from single h)

E>Vary only A (as in previous studies)

ON?=N+S%f3

« Expected constraint on ¢, assuming the SM to be true (c,=0):

~

‘Compute how many standard deviations SN (cg) away a given N (cg),
as predicted from theory, is from N (cg = 0).
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Analysis

hh@14 TeV, f, =0.0 hh@14 TeV, f, =0.3

1.0 : 1.0 :
— f.fﬁ, EDD fb : I f.‘ﬁ, EDD fb :
— ¢, 3000fb" || — ¢;, 3000 fb!
R e Rl e e o
g 05; g o5
m m
> >
(=8 (&8
0.25} 0.25}
—2 ~1 0 1 2 3 ) 1 0 1 2 3

ct? (600 b~ 1) €(—0.4,0.5), ¢i7(3000 fb~*) €(—0.3,0.3), fin=0
ch? (600 1) €(—0.5,0.8), cA”(3000 o) €(—0.4,0.4), fu,=0.3

(cg > 0)—region more challenging as cross section reduced — larger uncertainty
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Backup: Full D=6 Theory

« Again assume SM (¢;=0) and calculate distance of predicted

N(cs,..,cp) from N(cg =0,..,c, =0) in units of 6N (cg, .., cp)

« Show results in ?.D grids (ce, c,)L i=H,g,Y.t,b

* Marginalize over other directions with a Gaussian weight,

* given by projected ervors on the coefficients from single h
(~10% @ (600-3000) fb™)

=) in the future use real constraints (like p-values from HiggsBounds/Signals)

* Draw iso-contours corresponding to probability-drop of 16
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* Again compensation of effects from different operators possible

— range for ¢, depends significantly on other coefficients

Higgs Hunting 2015 - 31.7.2015

gaCkUP.' 69‘66

sian
1.0

hh@14 TeV, L = 3000fb !, f, =0.3 gaus
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gﬂCkUP.' C’Y-CG

hh@14 TeV, L = 3000fb*, f,, =0.3 gaussian

2.0 1.0
l,5r— -] o o a a -3 -] E 09
0.8

1.0k @ @ ® ™ ° ® o 4
0.7
0.6
U‘-G 0.0p 6] @ @ -1 @ o 6] € 0.5
—0.5§ ) o e e ° ® 5] 4 0.4
- 0.3

—10'- @ a o =] a (5] o -«
- 0.2

—15" @ @ @ L] L] @ @ -
- 0.1

_20 1 | | 1 1 | | L |
-04 -03 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
C
~y

* As expected: negligible dependence on ¢,
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Backup: (c,=c.)-cs

hh@14 TeV, L = 3000fb™", f, =0.3 gaussian

2.0 1.0
l,5~ ° & -] =] (-] @ o Loy 09
- 0.8
1.0+ s o @ ° e e :,.."' &
______ 0.7
0.5 e
I F L @ (o] @ (o] &
R 0.6
f" -y "'— T
Utc 0.0} o o -4 o '.-"o ) ° o 0.5
’ -
- - 0.4
—0.5p ) (5] "' ) ° ° I -
'l
’ - 0.3
_10} '. ". o L & a - pu
Pt 10.2
o+
—1.5p 4 o . . . . : i
R 10.1
Cd
_20 & n 1 | | | | | _00
-0.3 —-02 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
Cp

« Reduced BR due (c,=c.)<O to can be compensated by enhanced

production cross section due to negative c, and vice versa
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2.0

hh@14 TeV, L = 3000fb !, f, =0.3 gaus
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BaCkUP.' CLCq

hh@14 TeV, L = 3000fb~!, f, =0.3

1.0
b @ @ @ e e o @ o o ¢
0.9
b [0} 0 0 ) (0] 0 ) e 0 {
0.8
1 ¢ o o o o o ©® o o 4
0.7
I ] 0] 0] (0] @ 0 0] (0] (0] {
0.6
(=]
O 0p o o o o ® o o o o
0.5
b (0] (] 0 5] ® 0 0 ® 0 q
4 0.4
-~ -
“1p T%teoe" 0 e 0 0 0 0 0 {
"‘I---h.‘ R I T 410.3
[
o] [} [} s} @ 0 [o] [+ o] {
10.2
_2 L " n " n L
—0.4 —-0.2 0.0 0.2 0.4
Cr

* Marginalize over other directions with current p-values for coefficients
from single-h measurements (using HiggsBounds/Signals)
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* Precise knowledge of other Wilson coefficients necessary
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— -1 .
hh@14 TeV, L = 3000fb~!, f, —0.3 gaus
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1.5k e ® es @ AP
f’ I
v' I
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&‘ 1
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0.5} ® o ® ° e." @ ® e+, o 4
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for reasonable bounds on ¢,
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Backup: Full Marginalization — cg

hh@14 TeV, £, =0.3

— ¢, 600 fb
— ¢, 3000 fb! |
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Backup: hh @LHC

» Other production channels qq" — hhqq',Vhh, tthh

~10-30 times smaller (neglect in the following)

1000 ¢
100

10 |

o(pp — HH + X) [fb]

My = 125 GeV

~="qq/gg — ttHH

gg — HH

_qq’ — HHqq]

See [e.g.] Baglio, Djouadi, Grober, Muhlleitner, Quevillon, Spira,

qd — ZHH ]
1Y/
0.1 | 1 1 1
8 25 50 100
Vs [TeV]

1212.5581, and refs. therein
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Backup: hh @ LHC

* Most important mechanism: g8 — hh
gm +H g < — — - _ H
//
q" — { qV A
AN
9 T H g — - H

Eboli, Marques, Novaes, Natale, PLB 197(1987)2649 g(gg —> hh)LO ~ 17 fb
Glover, van der Bij, NPB 309(1988)282

Dawson, Dittmaier, Spira, PRD 58(1998)115012 O(gg — hh)NLO ~ 33 1b
Grigo, Hoff, Melnikov, Steinhauser, 1305.7340

de Florian, Mazzitelli, 1305.5206, 1309.6594 O'(gg — hh)NNLO ~ 40 fb

see also Maltoni, Viryonidou, Zaro, 1408.6542

Theoretical error (NNLO): fy, ~ 10% (scale) + 10% (pdf+a) + 10% (m¢

LHC@14TeV
my, ~125 GeV
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Backup: hh @ LHC

* Most important mechanism:

9 " DO000000)
A /
qy bk
AN
9 DO000000

/

AN

+H

“H

g

oo — hh\

a,

A

120}
100F

|
on
=
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Backup: Hbounds/Signals Ranges

coefficient i ¢ o
CH -0.035 0.225
Ct -0.04 0.17
Ch 0.0 0.18
Cq -0.01 0.06
Cy -0.25 0.62

assuming gaussian distributions
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Backup: Parameter-Space Scan

» Show results in 2D grids (¢, ¢;), I=H,g,7,t,b
* Marginalize over other directions, varying the coefficients in

the a5% CL allowed regions, obtained from HiggsBounds/Signals
(with a Gaussian weight)

( ) ]3(6@,06) _( ) Z{cf}p(cﬁac’iv{cf}) X pGauss.({cf})
P\Ci, C6) = _ s, P\Ci, C6) —
' max(p(cz-, CG)) ‘ Z{cf} PGauss. ({Cf})
1 (cr — 1g)”
pGauss.({cf}) — H exXp {_ }
For V2 20 Projections: ., Ac
(~10% effects)
' ' cq 0.05 x 3
* Draw iso-contours corresponding v 0.05%2
to probability-drop of 1o v e er 005
¢y 0.05 % %
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Backups: Couplings, Benchmarks, Test Statistics

1 = m _
Ly = 0, ho"h — Emihz — kax Asmv h® — ?t(*u + ke h + ﬁﬂg hh)(totr + h.c.)
Qv c
Node K Kt o Cy Cag ‘I_—S({:'g h — 29 h h) GIUJVGP;L; ]

1 10 | 1.0 ] 0.0 ] 00 0.0 v 2v
2 75 | 25 | 05| 00 0.0
3 150 | 1.5 | -3.0 | -0.0816 | 0.3010
4 50 1225 3.0 00 0.0
5 100 | 1.5 | -1.0 | -0.0956 | 0.1240
6 10 | 05 | 40 | -1.0 | -0.3780
7 24 | 1.25 | 2.0 | -0.2560 | -0.1480
3 75 | 2.0 | 05| 00 0.0
9 100 | 2.25 | 2.0 | -0.2130 | -0.0893
10 || 150 | 0.5 | 1.0 | -0.0743 | -0.0668
11 || -15.0 | 20 | 6.0 | -0.1680 | -0.5180
12 24 | 2.25 | 2.0 |-0.0616 | -0.1200 nia—nis
13 || -15.0 | 1.25 | 6.0 | -0.0467 | -0.5150

ni1 -+ TLE'j) _ E_Qﬁi [,

Plnii, iz |l =
' ' | ' 2 ?11',1!?13"21

TS =log(L)1s = IGQEE{*: |—2p; — (ni1 +n;2)logu; —log(n;1!) — log(n;a!)]
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