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Outline

Outline

o The Standard Model has been succesful to explain almost every experimental
measurement. Both in low energy facilities and in the collider experiments.

With all the amazing measurements and with the Higgs discovery, Run | of the LHC kept
us on the way.
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Outline

Stairway to Heaven

o The Standard Model has been succesful to explain almost every experimental
measurement. Both in low energy facilities and in the collider experiments.

With all the amazing measurements and with the Higgs discovery, Run | of the LHC kept

us on the way.
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Outline

Stairway to Heaven or Highway to Hell?

o The Standard Model has been succesful to explain almost every experimental
measurement. Both in low energy facilities and in the collider experiments.

With all the amazing measurements and with the Higgs discovery, Run | of the LHC kept

us on the way.

Standard Model Cross Section

<

o [pb]

e Theory
e oy Bl Observed «s-son- B

01 ATLAS  Preliminary
105 Run 1 8Tev

LHCpp 5=7TeV LHCpp \5=8TeV

Theory
1 <

Observed 203

<

Juan Gonzélez Fraile (ITP-Heidelberg)

Higgs and Beyond

We lack understanding of OPEN
questions: dark matter, neutrino masses,
Hierarchy issue..

Very interesting models: SUSY,
Composite etc

They are being tested, but so far, we lack
of any other new resonance or appealing
deviation...

We do have a new player in the game.
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Outline

Outline

o A-framework for Higgs interactions.

Simplest (yet powerful) framework: extended Higgs sector, Higgs portals, 2HDM.

T. Corbett, O. J. P. Eboli, D. Gongalves, J. G-F, T. Plehn, M. Rauch,
arXiv: 1505.05516

o Effective Lagrangian approach (linear).

The role of kinematic distributions,
Off-shell measurements The role of correlations (Higgs —TGV)

T. Corbett, O. J. P. Eboli, D. Goncalves, J. G-F, M. C. Gonzalez-Garcia, T. Plehn, M. Rauch,
arXiv: 1207.1344, 1211.4580, 1304.1151, 1505.05516

o Non-linear EFT.
Decorrelating Higgs — TGV
I. Brivio, T. Corbett, O. J. P. Eboli, M. B. Gavela, D. Gongalves, J. G-F,

M. C. Gonzalez—Garcia, L. Merlo, T. Plehn, M. Rauch, S. Rigolin, J. Yepes,
arXiv: 1311.1823, 1406.6367, 1511.08188
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A—framework: rate—based analysis

A—framework: rate—based analysis

Study the Higgs interactions using as a parametrization the SM operators with free couplings:

9z = QEM 1+ Az)
=M+ aM A, = gw (1 + ASMNP)
99 = EIEM (1 + AEM + Ag) = gg (1 + A2M+NP) )
Thus, the Lagrangian is:
L= Loy + Aw gmwHWHFW, + Ay %mzH 202, -3 Ay "L H (Frfy +he)
w T,b,t
+AgFg — GuuG* + AyFq — Auw APV 4 invisible decays ,
v v
Can be linked to extended Higgs sectors, 2HDM, Higgs Portals etc — see Lopez—-Val et al
1308.1979

Can also be linked to the non-linear Effective Lagrangian — see Buchalla et a/
1504.01707
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SFITTER

® For the analyses based on event rates (159 measurements):

Analysis Framework

Modes ATLAS cMS

H = WW 14122641 1312.1129
H— 22 1408.5191 13125353
H =~y 1408.7084 1407.0558
H— 77 1501.04943 1401.5041
H —s bb 1409.6212 1310.3687
H— Zy ATLAS-CONF-2013-009 1307.5515
H — invisible 1402.3244, ATLAS-CONF-2015-004  1404.1344

1502.01518, 1504.04324,

CMS-PAS-HIG-14-038

ttH production

1408.7084,1409.3122

1407.0558,1408.1682
1502.02485

kinematic distributions

1409.6212,1407.4222

off-shell rate

ATLAS-COM-CONF-2014-052

® Correlated experimental uncertainties
® Default: Box shaped theoretical uncertainties

® Default: Uncorrelated production theoretical uncertainties

Juan Gonzélez Fraile (ITP-Heidelberg)

Higgs and Beyond

1405.3455
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A—framework: results

A—framework: results
& 68% CL error bars:

L=4.55.1(7 TeV)+19.4-20.3(8 TeV) fb”', 68% CL: ATLAS + CMS
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o Extended Higgs sectors, e. g. extra Singlet:
cosa =1+ Ay €1[0.93,1.] at 68% CL.

o Simple 2HDM, Composite Higgs:
Ay € 6%and Ay € 12% at 68% CL.
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A—framework: results

A—framework: results

© 68% CL error bars: o Well understood correlations:

L=4.55.1(7 TeV)+19.4-20.3(8 TeV) tb", 68% CL: ATLAS + CMS
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o Extended Higgs sectors, e. g. extra Singlet:
cosa =1+ Ap €[0.93,1.] at 68% CL.

o Simple 2HDM, Composite Higgs:
Ay € 6%and Ay € 12% at 68% CL.
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A—framework: results

A—framework: results

© 68% CL error bars: o Well understood correlations:

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) tb', 68% CL: ATLAS + CMS
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o Extended Higgs sectors, e. g. extra Singlet:
cosa =1+ Ap €[0.93,1.] at 68% CL.

o Simple 2HDM, Composite Higgs:
Ay € 6%and Ay € 12% at 68% CL.

< Higgs Portals:
BRiny < 30.6% at 95% CL.
More details e. g. Lopez—Val et al 1308.1979
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A—framework: results

A—framework: results

© 68% CL error bars: o Well understood correlations:

o8 L=4.5.5.1(7 TeV)+19.4-20.3(8 TeV) b, 68% CL: ATLAS + CMS A 2 16
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o Everything consistent with the SM.

o A-framework is well aligned with experimental measurements. Suitable for testing
different analysis details— 1505.05516

Correlated theory uncertainties, Gaussian vrs flat, N3LO for gluon fusion ...

o A—framework only suitable for rate—based analysis, and only for Higgs interactions.
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A—framework: results

A—framework: results
© 68% CL error bars:

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) tb", 68% CL: ATLAS + CMS

0.8
0.6 :::A[:Xp ge=05" (1+4,)
0.4 1
W } 11
0 % T { 4 IL
-0.2 t | I }
-0.4
-0.6
-0.8
Y

o Everything consistent with the SM.

o Well understood correlations:

o A-framework is well aligned with experimental measurements. Suitable for testing

different analysis details— 1505.05516

Correlated theory uncertainties, Gaussian vrs flat, N3LO for gluon fusion ...

o A—framework only suitable for rate—based analysis, and only for Higgs interactions.

How to add information from kinematic distributions? EWSB sector?— Effective Lagrangian!
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Higgs and Beyond
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Effective Lagrangian Approach

Effective Lagrangian Approach
~ 0(30) years: SM success motivates model independent parametrization for NP — L.g

Key principle: To describe physics at some scale (for us, LHC), we do not need to know all
the details of the dynamics at a much higher scale.

M o f7(14+m) (4+m)
Lo = 'Cg + Z Z m On

m=1 n
Based on symmetries and particle content at low energy.
Model Independent: Captures (almost) any NP BSM without committing to a specific BSM
extension. If no NP appears quantify the exclusion accuracy on NP.
Provides a clear ordering/hierarchy in terms of A.

First flavor, then LEP/2 and EWPD, TGV, also Higgs at LEP and Tevatron
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Effective Lagrangian Approach

Effective Lagrangian Approach
~ 0(30) years: SM success motivates model independent parametrization for NP — L.g

Key principle: To describe physics at some scale (for us, LHC), we do not need to know all
the details of the dynamics at a much higher scale.

(4+m)
fn O§L4+m)
m

m=1 n
Based on symmetries and particle content at low energy.
Model Independent: Captures (almost) any NP BSM without committing to a specific BSM
extension. If no NP appears quantify the exclusion accuracy on NP.
Provides a clear ordering/hierarchy in terms of A.

First flavor, then LEP/2 and EWPD, TGV, also Higgs at LEP and Tevatron

Apply it to the Higgs sector! /0
1207.1344 Q“_)
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Effective Lagrangian Approach

Effective Lagrangian Approach
~ 0(30) years: SM success motivates model independent parametrization for NP — L.g

Key principle: To describe physics at some scale (for us, LHC), we do not need to know all
the details of the dynamics at a much higher scale.

M o f7(14+m) (4+m)
Lo = 'Cg + Z Z m On

m=1 n
Based on symmetries and particle content at low energy.
Model Independent: Captures (almost) any NP BSM without committing to a specific BSM
extension. If no NP appears quantify the exclusion accuracy on NP.
Provides a clear ordering/hierarchy in terms of A.

First flavor, then LEP/2 and EWPD, TGV, also Higgs at LEP and Tevatron

Apply it to the Higgs sector! /0
1207.1344 Q“_)

Alternative to the A setup:
® Correlations between different sectors: EWPD, TGV and now Higgs! — Higgs-TGV
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Effective Lagrangian Approach

Effective Lagrangian Approach
~ 0(30) years: SM success motivates model independent parametrization for NP — L.g

Key principle: To describe physics at some scale (for us, LHC), we do not need to know all
the details of the dynamics at a much higher scale.

M o f7(14+m) (4+m)
Lo = 'Cg + Z Z m On

m=1 n

Based on symmetries and particle content at low energy.

Model Independent: Captures (almost) any NP BSM without committing to a specific BSM
extension. If no NP appears quantify the exclusion accuracy on NP.
Provides a clear ordering/hierarchy in terms of A.

First flavor, then LEP/2 and EWPD, TGV, also Higgs at LEP and Tevatron

Apply it to the Higgs sector! /0
1207.1344 Q“_)

Alternative to the A setup:

® Correlations between different sectors: EWPD, TGV and now Higgs! — Higgs-TGV
® New Lorentz structures: potential to break/increase sensitivity with kinematics!
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian: the linear realization

Bottom-up model-independent effective Lagrangian approach:
Leg = LM In o
eff = Ly + Z p n

Particle content (SU(2) 1, doublet), Symmetries (SM, lepton, baryon, CP) J

1D“<I>:(E) +idg' B +ig P W) @, Buy = i% " By, Wy = ig0oWo

2
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian: the linear realization

Bottom-up model-independent effective Lagrangian approach:
Lo =LM+ D In o
eff = Ly + e

Particle content (SU(2) 1, doublet), Symmetries (SM, lepton, baryon, CP)

Choice of basis: EOM, huge variety of data (DATA-DRIVEN), focus measurable at LHC:

]
D,® = (a,L +ilg' By +igog Wa) ®, By =i% B,“, Wi = i20°WS

2
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian: the linear realization

Bottom-up model-independent effective Lagrangian approach:
Lo =LM+ D In o
eff = Ly + e

Particle content (SU(2) 1, doublet), Symmetries (SM, lepton, baryon, CP) J

Choice of basis: EOM, huge variety of data (DATA-DRIVEN), focus measurable at LHC:'

Oge = ofe Gge, gonv, Oww = @fW#VAWW@, Opp = @TBHVE#V¢,
Op2 = 201 (210) 9, (2T®), Ow = (DL®)IWH(D,®), Op = (D.®)TB"(D,®),
Oea,33 = (2T®)(L3Per,3), Oua,33 = (2T0)(Q3Pur,3), Oua,ss = (2T0)(QsPdR3),

Thus, 9 parameters for Higgs interactions:

fec fww fBB fo2 fw [B [+ fo St

A2 A2 T A2 AZ A2 A2 A2 A2 A2

]
D,® = (a,L +ilg' By +igog Wa) ®, By =i% B,“, Wiw = 20" WS

nv
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian: the linear realization

Bottom-up model-independent effective Lagrangian approach:
Lo =LM+ D In o
eff = Ly + e

Particle content (SU(2) 1, doublet), Symmetries (SM, lepton, baryon, CP) J

Choice of basis: EOM, huge variety of data (DATA-DRIVEN), focus measurable at LHC:'

Oge = ofe Gge, gonv, Oww = @fW#VAWW@, Opp = @TBHVE#V¢,
Op2 = 201 (210) 9, (2T®), Ow = (DL®)IWH(D,®), Op = (D.®)TB"(D,®),
Oea,33 = (2T®)(L3Per,3), Oua,33 = (2T0)(Q3Pur,3), Oua,ss = (2T0)(QsPdR3),

Thus, 9 parameters for Higgs interactions:

fec fww fBB fo2 fw [B [+ fo St

A2 A2 T A2 AZ A2 A2 A2 A2 A2

Let’s see them in unitary gauge

1D“<I>7(£) +ilg B“+zgaaWa)<I> By =i% " B, Wow = i§0* W

2
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

HVV
Lett

cHff
Lest
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+ +dw (W+ THYVH 4+ h.c.) +2 HW,E,w—# 4 g3, w HW, W #
— glf_”jfoRH+h.c.
2, .2
_as fggv _ 9°vs®\ fww + fBB
IH9g = T g A2 IHyY =T\ a2 ) T o

Igzy =

1 _ (ﬁ) s(fw — fB)

2A2 2c
a (9% PEfw +5%fB
Inzz = \ 32 2c2

(1) () fw
THWW =92 ) T2

mf o2
=T <1 - m”)

Higgs and Beyond

@ (9% sl2s°feB — 2¢° fww]
IHzy T 2A2 2c ?

2 _ v\ s*fpp + ctfww
IHZZ T 242 2¢2 ’
S IHWW - EKE fww
2
®,2 sm (v fo,2
I e = YHaa T3 Az
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

y 1 2
Y = gmgg HGL, G + gy HAp, APV +44), L A Z"o” H+ g% L HALZM
L) Zu,Z"oVH + ¢\2)  HZ,,z" + ¢ ) HZ,Z"
t  9uzz Zuv t 957z nv Y957z I
(1) + = kgv (2) + — pv (3) +y— 1
+ +dhw (W 8 H+h.c.)+gHWW HW,,w + o\ HW,IW
oH -
effff = .‘llfj”j/L/RH"'h*c*
_ g*vs®\ fww + fBB
IHgg Hy ==\ e ) T
_ 2 942 52
e s(fw — fB) g2 g“v '\ s[2s°fpp < fwwl
Hzy 2¢c VIHZy 2A2 2c ’
oI a?v\ A fw +s%fp o2 v\ s*fpp + ctfww
HzZ 2A 2c2 THZZ 2A2 2c2 ’
<2A2> 2 ’gHWW__(
f v? ®,2 SM
Imij =~ vl (1 - \/QAQ ff) ' IHze = 9Haw
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

v , 1 2
BV = gmgg HGR,G™ gy HAL AP + 41 AL, ZM0Y H + g3 HAL, 2"
1 . 2 3 .
+ g(H)ZZ Zpy 2" 0V H + g(H)zz HZu, 2" + gg{)ZZ HZ,Z"
(1) + —pav (2) + — pv (3) Hy— @
+  t9pww (WMDW 9 H+h-°-) +9gww HW,, W +9gww HW, W
" _
cBfr = glf_”jfoRH+h.c.
2 2

B _ _as fagv B _ (97w fww + fBB

Hog st A2 P IH 272 2 ’

a [ d*v s(fw — fB) @ (9% sl2s°feB — 2¢° fww]
IHZy = | 372 2¢ "IHZy T\ 9p2 2¢ ’

1 [P Ffw +5%fs (2 _ s'fpe + ctfww
Inzz = \ 5p2 202 IHZZ = 202 ’

() w @

Igww — 2/\72 T sIgww — | 5a2 fww

2
f ,77”{ 171)71‘ .22 _ sm [y v fa,
IHij = > V2A2 f 'IHze = YHzx 2 A2
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

HVV

v AV 2 v
£cHy = 9Hgg HGL,G™™ + gryy HAW AP + g4 AL 2P0V H + g7 HAL, 7"
1 L 2 L
+ 0%, 2zt oV H +¢\D),  HZ, 2" + 4B, HZ, 2"
1 — 2 — 3 —
+ +dw (W+ HoYH 4 h.c.) o HW W™ 4 g3 mww
o ~
cBfr = g{”jfoRH +h.c.
2, .2
B _ _as fagv B _ _(gvs"\ fww + fBB
Hog 8r A2 P IHY 2A2 2 ’
JCO I g%v\ s(fw — ) g2 g%v )\ s[2s®fpp — 2% fww]
HZ~ 2A2 2¢ PIHZy 2A2 2¢ ’
a (9% PEfw +5%fB (2 _ g®v\ s'fpp + <t fww
IHzz = | a2 2¢2 IHZZ T T | 52 2¢2 ’
o (%) fw 42 _ g%v f
HWW 2A2 2 rIHWW 2A2 ww
2 2
f ,77”{ oY ¥ 22 _  SM ]77/@.2
IHij = > vanz's 'IHze = YHaa 5 A2
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

v 1 2
BV = gngg HGR,G™ + gryy HAW AP + 41 AL, ZV0V H + 7)) HAL, 2"
L) Zu,ZMoVH + ¢\2) HZ,,z" (3) HZ,Z"
+ 9yzz Luv + 9572 % + 9572 W
(1) + = kgv (2) + — pv (3) Hy— @
+ +dhw (W 8 H+h.c.)+gHWW HW,,w + o\ HW,IW
o _
cBfr = g{”jfoRH +hec.
_ _as fagv _ a*vs®\ fww + fBB
9Hgg o A2 s 9H A~ oaz ) T 5
a [ d*v s(fw — fB) @ (9% sl2s°feB — 2¢° fww]
IHZy = | 372 2¢ "IHZy 2A2 2¢ ’
1y [ Ffw + s fs (2 _ ‘ s‘fep +ctfww
IHzz = \ 952 202 IHZZ = : 202 ’
m (g7 fw @
gHWW_<E T sIgww — | 5a2 fww
2 2
f ,77”{ oY ¥ .22 _ sm [y v” fa,2
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

HVV

1 2
BV = gngg HGR,G™ + gryy HAW AP + 41 AL, ZV0V H + 7)) HAL, 2"
+ 95yy Zu 2P0V H + 95, HZu 2" + gl )ZZ HZ, 7"
(1) B @) 4o e, (3) - B
+ tow (WLW TR0 H +he) + g\l HWEW + 0\ HW,W
o _
cBfr = glf_”jfoRH+h.c.
2, .2
B _ _as fagv B _ gvs”\ fww + fBB
Hog 8r A2 P IHY 2A2 2 ’
a [ d*v s(fw — fB) @ (9% sl2s°feB — 2¢° fww]
IHZy = | 372 2 "IHZy T\ 9p2 2 '
(1 _ a?v\ A fw +s%fp 2 _ v\ s*fpp + ctfww
Inzz = \ 32 2c2 9Hzz = 2A2 2c2 ’
g
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

v 1 2
LEYY = gmgg HGY, G 4 gy HAL A + g%)z‘y A ZRoY H +g§_I>Z’Y HA,, Z"
(1) . (2) (3) .
+ 9Hzz ZuwZ"O"H + 9y, HZuw 2" + 9y, HZ, 2"
(1) + —pav (2) + — pv (3) +y— 1
+ tagw (WLWT ROV H +hee) + g\ HWEWT# 4+ g HwEw
H _—
clfh = ol JLfrRH + b
2, .2
_ _as fagv _ g°vs”\ fww + fBB

9Hgg & Az s GH~yy oz ) T o

a (%) sUw — fB) @ _ (9% si2s’feB — 2¢° fww]
IHZy = | 372 2¢ "IHZy T\ 9p2 2¢ ’
RO a?v\ A fw +s%fp NON g*v\ s*fpp + At fww
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o (%) fw 42 _ (97

HWW onz | 3 CIHWW A2

2
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Effective Lagrangian for Higgs Interactions

Global analysis of the Higgs interactions |

Event rates (159 measurements) from ATLAS

and CMS analyses:
Modes

H—>WW
H—ZZ
H — vy
H— 77T
H — bb
H — Z~v

H — invisible
ttH production
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Effective Lagrangian for Higgs Interactions

Global analysis of the Higgs interactions |

Kinematic distributions from ATLAS H — bb
(1409.6212): Oleptons

Event rates (159 measurements) from ATLAS

and CMS analyses:
Modes

H—->WW
H—ZZ
H =~y

H — TT ]

H — b 200F_—SM

H — Z~ £—(SM Higgs) x 30,
~(1/A’=20 TeV?) x 30

n
%
S

Events/bi

-y
1=}
=

I
=)
=

H — invisible 0
50 100 150 200 250

ttH production p(GeV)

Kinematic distributions from ATLAS H — bb
(1409.6212):

2leptons

Events/bin
S
T

10 S :

—_ (SM Higgs) x 70

< (fy/A? =20TeV?) x 70
NN

I
50 100 150 2

00 250
prY(GeV)
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Effective Lagrangian for Higgs Interactions

Global analysis of the Higgs interactions |

Event rates (159 measurements) from ATLAS Kinematic distributions from ATLAS H — bb
and CMS analyses: Modes (1409-255172)3 Oleptons
H—-WWwW % 3 o
H— ZZ @600
H — vy i
H— 77 i
H — bb 2000_SM
H — Z~ £—(SM Higgs) x 30,
H — invisible - s
ttH production PrV(GeV)
Kinematic distributions from ATLAS H — bb From ATLAS differential H — ~~ (1407.4222):
(1409.6212):
g 2leptons Wi
% | E 2> — SM Higgs
g10k glo P /A= /A’=20TeV
2 & Fy/A’=-Ep/A’=-20TeV >
10 ;
—_ (SM Higgs) x 70
< (fy/A? =20TeV?) x 70 I
50 100 150 zogTv(va )o 10, 3 w3 o
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Effective Lagrangian for Higgs Interactions

Full dimension-6 analysis

-8
10, 15 20 10 .20 _30
fw/AZ [TeV2] fy/AZ [Tev?]

Juan Gonzélez Fraile (ITP-Heidelberg) Higgs and Beyond

60 -40 20 0_ 20 _40
fg/A? [TeV2]
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Effective Lagrangian for Higgs Interactions

Full dimension-6 analysis

-8
5 10 15 _20 0 _20 _30 -60 -40 -20

0_ 20 _40
fw/AZ [TeV2] fy/AZ [Tev?] fg/A? [TeV2]

5 10 15 20

, 15, 10 20 30 60 -40 20 0, 20 40
fuw/AZ [TeV?] fu/AZ [TeV'?] fg/A2 [TeV?]
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Effective Lagrangian for Higgs Interactions

EFT from Effective?

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fo”!, 68% CL: ATLAS + CMS

1A%, AN 1A%, AN
[TeV? [TeV] [TeV?] [TeV]
%4 | f 155 ™ 0s
YR L Lo . B I |
{ 05 oLl i
10 03 I i
0.25 05
20 5
0.2 0.4
-30
-10
40| @ raeony 03
@ ratesdistributions 0.15
0 o Q q ©° T 9 g
% % % % % % I
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Effective Lagrangian for Higgs Interactions

EFT from Effective?

, L=4551(7 TeV)+19.4:20.3(8 TeV) fo'!, 68% CL: ATLAS + CMS

AN

® rateony
* ratedstributions

+ fTev]
|} I 1 Of
I os
03
025

0.2

0.15

A2
2

TeV.

[ A 1

0

-5

-10

% % 4

%

% % %

-15

Q

Q

3

o
2

With the current sensitivity, this is model dependent dimension—6 Lagrangian.

EFT vrs. full model: Biekoetter et al 1406.7320, Gorbhan et al 1502.07352, Dawson et al

1501.04103, Craig et al 1411.0676, Drozd et al 1504.02409 etc

Brehmer et al 1510.03443:

® Several weakly interacting extensions: extra singlet, extra doublet, vector triplet, colored

scalar partner

® Several Higgs channels: Associated production, WBF, decays to photons, 4¢, hh
® Several variables: mye, mv g, pr,j, A®;; etc

Interesting questions raise about how to perform the matching.

Juan Gonzélez Fraile (ITP-Heidelberg)

Higgs and Beyond
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Effective Lagrangian for Higgs Interactions

mye from off—shell measurements

+Ae/
1+Az/f“’ 2

Continuum background ¢g (gg9) — ZZ (left) and Higgs signal gg — H — ZZ (right).

. 1+Az/f;\a‘.z

Mgg—)ZZ = (1 + AZ) [(1 + At)Mt + Ag-/\/lg} + M.

d d d
T (14 A (14 AT A, S0
dm4g dm4g - dm4g
d d d doe
+(1+Ag)? {(1 F A2 ST L (1 A A A2 %09 | TOe
dmyy dmyy dmyy dmyy
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Effective Lagrangian for Higgs Interactions

mye from off—shell measurements

L=5. 1(7 Tev) + 19.7 B TeV) b CMS

LI LA B R B A BN
—qq-ZZ 1
—g9-2Z 1
(BgD)=(1,-1) 7
(Bg)=(0,-2) |
—— data

10

[ pp-2z
[ Events/bin

300 400 500 600 700 800
m, [GeV]

® Here we can use ATLAS and CMS
® Bins directly into the analysis

Juan Gonzélez Fraile (ITP-Heidelberg) Higgs and Beyond PITT PACC, December 2015

14/27



Effective Lagrangian for Higgs Interactions

mye from off—shell measurements

L=5.1 (7 Tev) + 197 (8 Tev) b CMs

AL R BN B AL I
—qq-ZZ 1
—g9-2Z 1
(BgD)=(1,-1) 7
(Bg)=(0,-2) |
—— data

[ pp-2z
[ Events/bin

1

Cov b b b b b

300 400 500 600 700 800
my, [GeV]

® Here we can use ATLAS and CMS
® Bins directly into the analysis
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mye from off—shell measurements

Effective Lagrangian for Higgs Interactions

L=5.1 (7 Tev) + 197 (8 Tev) b CMs

10¢

[ pp-2z
[ Events/bin

—qq-ZZ 1
—g9-2Z 1
(BgD)=(1,-1) 7
(Bg)=(0,-2) |
—— data

300 400

500 600 700 800
my, [GeV]

® Here we can use ATLAS and CMS
® Bins directly into the analysis

Juan Gonzélez Fraile (ITP-Heidelberg)
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Effective Lagrangian for Higgs Interactions
['y from off-shell measurements

2 2
on-shell 9i (mu) 95 (mu) off-shel 2
OisHof X Tu VIS. 0. H s X 9; (mu)gf(mu)

® May allow to bound the Higgs total decay
width under certain assumptions.

® Here including effective operators (and
not only the gluon fusion top-loop induced
production).

g
L=~Lgy+Aw gmwHWHW, + Az ;mzH zZ4z, - > Ag —H(fRfL + h.c.)
w T,b,t

H nv H % P
+AgFg — GuuG"" + A Fy — Ay, AMY +invisible decays + unobservable decays .
v v
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Effective Lagrangian for Higgs Interactions
['y from off-shell measurements

2 2
on-shell 9i (mu) 95 (mu) off-shel 2
OisHof X Tu VIS. 0. H s X 9; (mu)gf(mu) :

10 — ‘Ru‘n I‘LH‘C -‘AT‘LA‘S+(;MS‘
A(-2InL) SM+dim6 1
® I'y <9.30'7" 68% CL 8 ]
95% CL/
6

® May allow to bound the Higgs total decay
width under certain assumptions.

4,
® Here including effective operators (and oL 68% CL]
not only the gluon fusion top-loop induced r M ]
production). oL— L ]
0 10 20 30
SM
ryre
L=Loy+Aw gmwHWHEFW, + Ay 2imzH 742, - 3 Ay —H (FrfL +hc)
Cw

T,b,t

H nv H % P
+AgFg — GuuG"" + A Fy — Ay, AMY +invisible decays + unobservable decays .
v v
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for TGV interactions

The usual Lagrangian to study TGV? interactions since LEP:

FO A LA G — < —igY (WJ,,W“V" - WJLWWVV) — iy Wi, VR

N .
—z’M—‘gW,LW#V"” — g3 HPT (W0, Wy — 0, W] Wv)Va>
w

2Triple Gauge boson Vertex.
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for TGV interactions

The usual Lagrangian to study TGV? interactions since LEP:

FO A LA G — < —igY (WJ,,W“V" - WJLWWVV) — iy Wi, VR

N .
—z’M—‘gW,LW#V"” — g3 HPT (W0, Wy — 0, W] Wv)Va>
w

Agf =gf -1= ;;%fw :

My =w-1= (g

Aky =kKkz—1= 8‘(12211}52 (szW—Ssz) )
Ay =Xz = ?’gj\ij‘fgvfwww .

2Triple Gauge boson Vertex.
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for TGV interactions

The usual Lagrangian to study TGV? interactions since LEP:

FO A LA G — < —igY (WJ,,W“V" - WJLWWVV) — iy Wi, VR

N .
—z’M—‘gW,LW#V"” — g3 HPT (W0, Wy — 0, W] Wv)Va>
w

Agf =gf -1= ;;%fw :

My =w-1= (g

Aky =kKkz—1= 8‘(12211}52 (szW—Ssz) )
Ay =Xz = ?’gj\ij‘fgvfwww .

Where is gZ? Comes from dim-8, but wait...

2Triple Gauge boson Vertex.
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for TGV interactions

The usual Lagrangian to study TGV? interactions since LEP:

LWWV

w - gwwv < —igY (WJVW“V" - WJWWVV) — iy Wi, VR

A
WV g 8,1, 0,
w

These can be directly measured at Colliders in
gauge boson production, poor theorist’s attempt:

Il Background §
Wsvwwz
{iaf=0.1

Events/Bin
g
8

8000} B

% 25 50 75 100 125 160 175 200 226

pr(GeV)

2Triple Gauge boson Vertex.
Juan Gonzélez Fraile (ITP-Heidelberg)

Agf
Ak
AKy

Ay

=gf-1=
=Ky —1
kz —1
=iz =

922
8c2A\?

’ 2<fW+fB) )

fW7

g-v

8A2
2,2

g-v

SZAZ (CZfW - Ssz) ;

392 M2,

3z Jwww

Where is gZ? Comes from dim-8, but wait...

Higgs and Beyond
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Determining TGV from Higgs data

Determining TGV

arxiv:1304.1151

~04 L BN AL BN ERE) R 2 ngg
B : 1 agf =g¢f-1= P TCEA
0.3 - o0 - 9202
i ] Ay =hy—1= o5 (fw+f3) ,
oz -/ qasIW ]
E E Aky =Kz —1= 202 A2 (c2fw—52f3) .
0.1 E
. i 1 For the plane:
F ] © Measurements with only two of the
o1 L E three aTGV independent.
E ] & Additional assumption:
-0.2 | - Ay =0< fwww = 0.
L NASTWE—s
-0.3 L1 L1 L1 L Ta L
0.1 -0.05 0 0.05 0.1 °-Z15 Complete 7+8 TeV LHC results are missing
Ag,
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Determining TGV from Higgs data

Determining TGV from Higgs data

arxiv:1304.1151

® Gauge Invariance — TGV and Higgs couplings related: Oy, and Op
® Complementarity in experimental searches: Higgs data bounds on

fw ® fB & Ary @ Agf

~04 L BN AL BN ERE) R 2 5 g2’l)2
E H E Agy =97 — 1= 7802A2fw s
0.3 - o0 - 9202
g ] Ay =hy—1= o5 (fW+fB) ;
02 = &/ smASLEIL ] 921;2
E E Aky =Kz —1= 202 A2 (c2fw—szf3) .
0.1 E
. i 1 For the plane:
F ] © Measurements with only two of the
o1 L E three aTGV independent.
- : 1 o Additional assumption:
-0.2 | - Ay =0< fwww = 0.
L NASTWE—s
-0.3 L1 L1 L1 L Ta L
0.1 -0.05 0 0.05 0.1 °-Z15 Complete 7+8 TeV LHC results are missing
Ag,
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Determining TGV from Higgs data
Determining TGV from Higgs data aixiv304.4151

® Gauge Invariance — TGV and Higgs couplings related: Oy, and Op
® Complementarity in experimental searches: Higgs data bounds on

fw ® fp & Aky ® AgP

~04 A B BN TN 2 5 ngg
E H H E Agy =97 — 1= mfw s
03 - 9202
i ] Ay =hy—1= o5 (fw+f3) ;
0.2 } ---------- { 9202
E . E Aky =Kz —1= 82A2(c2fw—szf3) .
0.1 . ‘
. i 1 For the plane:
F ] o Measurements with only two of the
o1 [ E three aTGV independent.
E ] o Additional assumption:
-0.2 | i - Ay =0< fwww = 0.
Eoo ATLAS7 W% ‘ 1
_0'3 | ' ' L1zl ] '
—-0.1  -0.05 Y 0.05 0.1 °-Z15 Complete 7+8 TeV LHC results are missing
Ag,
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Disentangling a dynamical Higgs

Disentangling a dynamical Higgs

® Motivated by composite models — Higgs as a PGB of a global symmetry.

® Non-linear or “chiral” effective Lagrangian expansion including the light Higgs.

SM Gauge bosons and fermions

Light Higgs — without a given model treated as generic "singlet‘ h h is not part of ®
2 > ;
Fi(h) =1+ 2%‘% Tb; 372 + .. More possible operators
Dimensionless unitary matrix: U(z) = eicam(@)/v ) )
Relative reshuffling of the
>

order at which operators
appear

(Vp = (D,U) Ut and T = UozUT)

® Bosonic (pure gauge and gauge-h operators) and Yukawa-like up to four derivatives

Lehiral = Lo+ AL

Comparison with the linear basis!

Juan Gonzélez Fraile (ITP-Heidelberg) Higgs and Beyond PITT PACC, December 2015 18/27



Disentangling a dynamical Higgs

The Non-linear Lagrangian

Alonso et al 1212.3305

Buchalla et al 1307.5017
Loniral = Lo+ AL
chiral 0
SM Lagrangian®
1 T 1 a apy 1 pv 1 a apy
Lo = (Ouh)(@"R) = JWi, WO — — By BI — Gy G — V (h)
_w + O+ R VLV 4 0P + iEpL
v + sy h v+syh -
TY(QLUYQQR-F}IC) T;(LLUYLLR-FI’LC.) s

Restricting to bosonic (pure gauge and gauge-h operators):

AL = €[CBPB(h)+CwPW(h)+CGPG( ) +ccPc(h) + erPr(h)

+ CHPH(h)+CDHPDH +£Zcz 7

25

+ & eiPih) + € cacPas(h) + il i clry Pl (h)
i=11

3 . ig’
D,U(z) = 9,U(x) + igW,, (z)U(x) — %Bu(x)u(x)dg
Y = diag (Yy, Yp) , Y, = diag(Yy,, Y1) .
Juan Gonzélez Fraile (ITP-Heidelberg) Higgs and Beyond PITT PACC, December 2015 19/27



Disentangling a dynamical Higgs

The Non-linear Lagrangian

Pa(h) = =4 Te(VHV ) Fo (h)
Pr(h) = L2 Tx(TV,)Tr(TVH) Fr(h)
Pu(h) = £ (8,h)(8"h)Fy (h)

2

Pp(h) = — 4~ B, B"" Fp(h)
2

Pw (h) = —Z- W, WY Fyy (h)
2

Pa(h) = —L2G;, G Fa(h)

P1(h) = 99" B Tr(TWHY) Fi (h)
P2(h) = ig' By Tr(T[VH, VV]) Fa(h)
P3(h) = igTr(Wpuu [V*, V])F3(h)
Pa(h) = ig' By Tr(TVH)0Y Fy(h)
Ps(h) = igTr (W, V#*)8" F5(h)
Pe(h) = (Tr(V,V*))? Fo (h)

Pr(h) = Tr(V,V#)0, 8 Fr(h)
Ps(h) = Tr(V, V)" Fg(h)d” F§(h)
Po(h) = Te((DuV*)?) Fo(R)

Pio(h) = Tr(VL, DL VH*)8" Fig(h)

1 N2
Pon = —5 (0ud" 1)’ Fou ().

Juan Gonzélez Fraile (ITP-Heidelberg)

Higgs and Beyond

Alonso et al 1212.3305
Pr1(h) = (Tr(Vu Vo) Fra(h)

Pra(h) = ¢ (Tr(TWpu))? Fra(h)

P13(h) = igTr(TWy ) Te(T[VH, VY]) Fi3(h)
Pra(h) = ge"VPATr(TV L) Tr(Vy W,yn) Fia(h)
P15(h) = Tr(TD,V*)Tr(TD, V") F15(h)

P16(h) = Tx([T, VDL V*)Tr(TVY) Fi(h)
P17(h) = igTr(TW ) Tr(TVH)0Y Fi7(h)
Pig(h) = Tr(T[V,, V, ) Tr(TVH)0Y Fig(h)
P1g(h) = Tr(TD,VH)Tr(TV,)d" Fig(h)
Pao(h) = Tr(Vu VH*)8y, Faq (k)Y Fho(h)
Pa1(h) = (Tr(TV )0, Fa1 (h)0Y Fiy ()
Paz(h) = Tr(TV ) Tr(TV, )" Faa (h)0Y Fhy(h)
Pas(h) = Tr(V, VH)(Tr(TV,))? Faz (h)
Paa(h) = Te(V, V) Tr(TVH)Te(TVY) Faa(h)
Pas(h) = (Tr(TV,))?0,0" Fas (R)

P26 (h) = (Tr(TV ) Tr(TV,,))> Fag (h)

PITT PACC, December 2015
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Disentangling a dynamical Higgs

The Non-linear Lagrangian

Po(h) = — 22 Te(VF V) Fo ()
Pr(h) = 22 Te(TV,)Tr(TVH) Fr(h)

Pg(h) = E(a“h)(a“h)]‘—l_](}l,)

2
Pp(h) = — g; BuuB"Y Fp(h)

2
Pw (h) = — - W5, W Fy (h)

%

2
— 226G G Fg(h)

Pa(h) v

P1(h) = gg" By, Te(TWHY) Fy (h)

Pa(h) = ig' Bu, Tr(T[VH, VY]) Fa(h)
P3(h) = igTr(Wyuw [VH, VV]) F3(h)
Pa(h) = ig' Bu, Tr(TVH)0Y Fy(h)
Ps(h) = igTr(W,, V*)8" Fy(h)
Pe(h) = (Tx(V, V)2 Fe(h)

Pr(h) = Tr(V, V)0, 0" F7(h)
Ps(h) = Tr(V,, V)" Fg(h)d" F§(h)
Po(h) = Tr((DuV*)?) Fo (h)

Pio(h) = Te(V, D, V*)0Y Fio(h)

Lo upa2
PO = U—2(0H6 h)*Fog (h) .

Juan Gonzélez Fraile (ITP-Heidelberg)
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Alonso et al 1212.3305
Pr1(h) = (Tr(Vu Vo) Fra(h)

P12(h) = ¢° (Tr(TW,0))? Fiz(h)

P13(h) = igTe(TWy, ) Tr(T[VH, VY]) F13(h)
Pra(h) = ge"VPATr(TV L) Tr(Vy W,yn) Fia(h)
P15(h) = Tr(TD,V*)Tr(TD, V") F15(h)

P16 (h) = Tr([T, V,]D VH)Tr(TVY) Fig(h)
P17(h) = igTr(TW ) Tr(TVH)0Y Fi7(h)
Pig(h) = Tr(T[V,, V,)Tr(TVH)0" Fig(h)
P1g(h) = Tr(TD,VH)Tr(TV,)d" Fig(h)
Pao(h) = Tr(Vu VH*)8y, Faq (k)Y Fho(h)
Pa1(h) = (Tr(TV )0, Fa1 (h)0Y Fiy ()
Paz(h) = Tr(TV ) Tr(TV, )" Faa (h)0Y Fhy(h)
Pas(h) = Tr(V, VH)(Tr(TV,))? Faz (h)
Paa(h) = Tr(V, V) Tr(TVH)Tr(TVY) Fay (h)
Pas(h) = (Tr(TV,))?0,0" Fas (R)

Pag(h) = (Tr(TV,)Tr(TV,))? Fag (h)
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Disentangling a dynamical Higgs

Analysis using only Higgs data

® Restricting to the subset with £ weight and to Higgs trilinear interactions: the
parametrization is analagous to the linear dimension-six analysis.
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Disentangling a dynamical Higgs

Analysis using only Higgs data

® Restricting to the subset with £ weight and to Higgs trilinear interactions: the
parametrization is analagous to the linear dimension-six analysis.

2
v® fBB
2 A2

v?  foo
(4m)2 A2

v? f

4 A2
2 ft
2 fr

Juan Gonzélez Fraile

-~ v7 fww

=ap, > Az
2

v’ fB

“a 8 A2
f

=as, v2 [f’;

_ 2 fp

= »

(ITP-Heidelberg)

L=4.55.1(7 TeV)+19.4-20.3(8 TeV) fo’!, ATLAS + CMS

=aw,

1
= 0.5
=cq, 0
=a}, -0.5

/Mer

HJﬂ

Rates 68% CL
Rates 95% CL
Rates-+dist. 68% CL
Rates-+dist. 95% CL

i

Higgs and Beyond

2,% % % %

PITT PACC, December 2015
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Disentangling a dynamical Higgs

Decorrelating Higgs and TGV

’ 1. Brivio, T. Corbett, O. J. P Eboli, M. B. Gavela, J. G-F, M. C. Gonzalez—Garcia, L. Merlo and S. Rigolin: — arxiv:1311.1823

In the linear case*

Op = A Wt h)? = I g ke (4 h?
5= g A R = S oos oy 21 @M Higgs-TaV
eg e Correlated!
714 v ZHOV h h — 7, ZH0O"h h
dcosOy  * (v+ )+400329W K (v+h)
whereas in the non-linear case
Pa(h) = 2iegrA, W HWY Fy(h) — 2 iy, W—RW+Y Fy (h) .
i COQSQW py Higgs-TGV may
be decorrelated!
Pa(h) = 9 Ay 210" Fa(h) + ——— Zpyy ZP0¥ Fo(h)
cos Oy cos? Oy

4Parallel reasoning applies to Oy, and P3 — Ps

Juan Gonzélez Fraile (ITP-Heidelberg) Higgs and Beyond PITT PACC, December 2015 22/27



Disentangling a dynamical Higgs

Decorrelating Higgs and TGV

Analysis using Higgs and TGV data® of
Pa,Ps, Pw,P1, P2, Ps, Pa, Ps, Pr, Pr, Pu,33, Pa,33, Pe,33,

After taking into consideration tree level contributions of Pr and P; to EWPD, the relevant
parameters for the analysis can be reduced. They are®:

I ’ ’
ag,ap,aw, c2,C3,a4, a5, CH, G, Gy, G
But we can rotate them instead to:

ag,aB,aw, %8, A, Sw, Aw, cH, a}, ay, a
where
YB E4(2€2+CL4), Yw 52(263 70,5),
Ap E4(20276L4), Ay 52(203+a5),
defined such that at order d = 6 of the linear regime X5 = ¢, Zw = cw, while
A=Ay =0.

5The analysis details as in the linear fit
6 R
For simplicity here a; = c; * a;

Juan Gonzélez Fraile (ITP-Heidelberg) Higgs and Beyond PITT PACC, December 2015
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Disentangling a dynamical Higgs

Decorrelating Higgs and TGV

10 Bounds from TGV+Higgs 0
810 Crr T
£st E 8
Eesl 3 6
£ 1 4
“<>1< 4 2 AX27w+mm
2 AX2 TOV4Higgs NEO D
5 NS 12 ———— R R ey
0.75 | ] ] 06 - 1F 5
“w [ ] ] w [ 1t ]
ool ] S A E E
-0.75 [ ] E -0.6 [ 1F -
-3 SN R | 1 N W 1.2 £ . | . e 3 Bt
-7 0 7 -3 0 3
T € B €

Right:A non-linear versus linear discriminator: constraints
on the combinations A g = 4(2¢c2 — a4) and

Ayw = 2(2c3 + as), which would take zero values in
the linear (order d = 6) limit (as well as in the SM),
indicated by the dot at (0, 0).

Left:A BSM sensor irrespective of the type of expansion:
constraints from TGV and Higgs data on the combinations
Yp =4(2ca + ag) and Sy = 2(2¢c3 — as), which
converge to cg and cyy in the linear d = 6 limit.
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Disentangling a dynamical Higgs

Higher order differences R

Reshuffling — interactions that are strongly suppressed in one case may be leading corrections
in the other.

More on TGV!

® At first order in non-linear expansion (but
at dim—8 in the linear one) P14 contributes

to anomalous TGV:
g% (C- and P-odd but CP even).

[l Bockground

Events/Bin

Lwwy = —igd 07 (WiHo, W, — W o,w;H) v,

s 7 e
2 9 sul/p)\[

Px +P-il
cos Oy

- ¢

® Atfirst orderin the linear expansion TN
Owww = leukWﬁVWg pW;cu gives 25 50 75 100 125 150 175 200 225

contribution to anomalous TGV \y pri(Cev)

® Chiral expansion: several operators contribute to QGVs without inducing TGVs —
coefficients less constrained at present (larger deviations may be expected).
Linear expansion: modifications of QGVs that do not induce changes to TGVs appear only

when d = 8.
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Relaxing assumptions

Relaxing assumptions: C' P—odd

M.B. Gavela, J. G-F, M. C. Gonzalez—Garcia, L. Merlo, S. Rigolin and J. Yepes — arxiv:1406.1823

® |ist & applications of CP—odd non—linear operators:
Lehiral = Lsm + ALgp
16

ALgp =cp Sg(h) + e Si (h) + e Sg(h) + cap Sap(h) +/Z:1 c; Si(h).

® Use CP-odd sensitive signals
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® Use CP-odd sensitive signals: C P-violating TGV

Fermionic EDMs (sensitive t0 &, §5,~~)
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C P-violation on Higgs physics: h — ZZ, e. g. CMS analysis:

Ah— Z22Z) =v ! (dlm"’ze;e; +d 0 e dsf;jil)f”“”*@)) ,
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Outlook

Conclusions

o A—framework:

o Test extended Higgs sectors, 2HDM, Higgs portals etc
o Well aligned with experimental measurements: test different analysis features.

e Effective Lagrangian approach:

< Kinematic distributions can be included, a key feature.

o Correlations, between Higgs couplings, between different measurements.

o Theoretical side: consistency of EFT will need to be carefully checked.
Otherwise it is model dependent dim-6 Lagrangian.

Off-shell distributions are also starting to be sensitive to gluon and top operators.

o Disentangle Og¢ from O, (and sign of top-Yukawal).
o Total width Ty < 9.373M 68% CL.

® (De)correlations between different data sets: Higgs—TGV — dinsentangling a dynamical
Higgs.
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e Effective Lagrangian approach:

< Kinematic distributions can be included, a key feature.

o Correlations, between Higgs couplings, between different measurements.

o Theoretical side: consistency of EFT will need to be carefully checked.
Otherwise it is model dependent dim-6 Lagrangian.

Off-shell distributions are also starting to be sensitive to gluon and top operators.

o Disentangle Og¢ from O, (and sign of top-Yukawal).
o Total width Ty < 9.373M 68% CL.

® (De)correlations between different data sets: Higgs—TGV — dinsentangling a dynamical
Higgs.
Thank you!
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