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Outline

How to access the EWSB mechanism?

® Runl: the Higgs boson was discovered — a particle directly related to the EWSB.

Many studies of the Higgs properties have been performed: that could be afterall one of
the fastest track to understand the origin of the EWSB.
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Outline

How to access the EWSB mechanism?

® Runl: the Higgs boson was discovered — a particle directly related to the EWSB.

Many studies of the Higgs properties have been performed: that could be afterall one of
the fastest track to understand the origin of the EWSB.

o Is there a preferred framework to study the Higgs interactions?

o How can we exploit all available data?

® Runll: Kick off!

Outline

® A-framework for Higgs interactions.
® Effective Lagrangian approach for the Higgs.
® Adding distributions: pr, A¢;; and off-shell-mg,.
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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:

Gz = ggM 1+ Ag)
gy = g'y (1 +ASM +A )_ gSM (1 +ASM+NP)
99 = gg (1 + AgsyM + Ag) = gg (1 + ASM+NP) )

Thus, the Lagrangian is:

L=Lsy+ Aw gmeW“Wu+AZ %mzH Z'LLZM ZA fRfL+hC)
w T,b,t

H H
+AgFg — GuuGH* + AyFa — A APV 4 invisible decays ,
v v
Can be linked to extended Higgs sectors, 2HDM, Higgs Portals etc — see 1308.1979

Can also be almost directly linked to the LO non—linear Effective Lagrangian — see 1504.01707
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SFITTER

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

Analysis Framework

Modes ATLAS CcMS

TS WW 14122641 1312.1129
H— 27 1408.5191 1312.5353
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
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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) fb”', 68% CL: ATLAS + CMS
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A—framework: results

A—framework: results

© 68% CL error bars: o Well understood correlations:
08 L=4.5-5.1(7 TeV)+19. 4-@;’3_@ TeV) fb ‘, 68% CL: ATLAS + CMS
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o Everything consistent with the SM (what a surprise...)

o A-framework is well aligned with experimental measurements. Suitable for testing
different analysis details— 1505.05516
Correlated vs. Uncorrelated theoretical uncertainties
Box-shaped vs. Gaussian theoretical uncertainties
Passarino estimates, N3LO for gluon fusion.

o A—framework only suitable for event -rate analysis.
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A—framework: results
© 68% CL error bars: o Well understood correlations:

L=4.5-5.1(7 TeV)+19.4-20.3(8 TeV) fb”', 68% CL: ATLAS + CMS
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o Everything consistent with the SM (what a surprise...)

o A-framework is well aligned with experimental measurements. Suitable for testing
different analysis details— 1505.05516
Correlated vs. Uncorrelated theoretical uncertainties
Box-shaped vs. Gaussian theoretical uncertainties
Passarino estimates, N3LO for gluon fusion.

o A—framework only suitable for event -rate analysis.
How could we add the information from kinematic distributions?— Effective Lagrangian!
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Effective Lagrangian Approach
Effective Lagrangian Approach

Common idea ~ O(30) years: SM success (lack of unexpected) motivates model independent
parametrization for NP — L.g

Based on symmetries and particle content at low energy:

M, S ahm)
Leg = 'Cg + Z Z m On ’

m=1 n

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

Effective Lagrangian Approach

Common idea ~ O(30) years: SM success (lack of unexpected) motivates model independent

parametrization for NP — L.g

Based on symmetries and particle content at low energy:

i

m=1 n

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

Apply it to the Higgs sector! ((0)
1207.1344 e

Alternative to the A setup:

® Correlations between different sectors: EWPD, TGV and now Higgs!
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Based on symmetries and particle content at low energy:

i

m=1 n

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

Apply it to the Higgs sector! ((0)
1207.1344 e

Alternative to the A setup:

® Correlations between different sectors: EWPD, TGV and now Higgs!— 1304.1151
(Higgs-TGV)
® Correlations between different Higgs couplings — analysis gets convoluted
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Effective Lagrangian Approach

Effective Lagrangian Approach

Common idea ~ O(30) years: SM success (lack of unexpected) motivates model independent

parametrization for NP — L.g

Based on symmetries and particle content at low energy:

i

m=1 n

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

Apply it to the Higgs sector! ((0)
1207.1344 e

Alternative to the A setup:

® Correlations between different sectors: EWPD, TGV and now Higgs!— 1304.1151
(Higgs-TGV)

® Correlations between different Higgs couplings — analysis gets convoluted

® 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:
= £5M ¢ Z

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

1D“<I>7(E) +idg' By +ig P W) @, By =i " By, Wy = i40oWo

2
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian: the linear realization

Bottom-up model-independent effective Lagrangian approach:
= £5M ¢ Z

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

J

Choice of basis (not for today): EOM, huge variety of data (DATA-DRIVEN), focus measurable at
LHC:

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

pv
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian: the linear realization

Bottom-up model-independent effective Lagrangian approach:
= £5M ¢ Z

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

Choice of basis (not for today): EOM, huge variety of data (DATA-DRIVEN), focus measurable at
LHC!!

Oge = ofe Ge, gorv, Oww = ®TW,, WHd, Opp = &' B, B &,
Og,2 = 300 (2T®) 9, (@T0@), Ow = (D,®)I1WH(D,®), Op = (D,®)'B*(D,®),
Oca,33 = (®1®)(Lader,3), Oya 33 = (2T2)(Q3Pur,3), Ouasz3 = (2T2)(Q3Pdr3) ,

Thus, 9 parameters for Higgs interactions:

fea fww fBB fe2 fw fB fr fo [t

A2 A2 T A2 A2 A27A27 A27 A2 A2

"D® = (0u+i%9'Bu +ig % WS ) @, By = i% 1 B, Wy = 0" We

2

Juan Gonzélez Fraile (ITP-Heidelberg) WIN15 MPIK-Heidelberg, June 2015 7/19



Effective Lagrangian for Higgs Interactions

Effective Lagrangian: the linear realization

Bottom-up model-independent effective Lagrangian approach:
= £5M ¢ Z

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

Choice of basis (not for today): EOM, huge variety of data (DATA-DRIVEN), focus measurable at
LHC!!

Oge = ofe Ge, gorv, Oww = ®TW,, WHd, Opp = &' B, B &,
Og,2 = 300 (2T®) 9, (@T0@), Ow = (D,®)I1WH(D,®), Op = (D,®)'B*(D,®),
Oca,33 = (®1®)(Lader,3), Oya 33 = (2T2)(Q3Pur,3), Ouasz3 = (2T2)(Q3Pdr3) ,

Thus, 9 parameters for Higgs interactions:

fea fww fBB fe2 fw fB fr fo [t

A2 A2 T A2 A2 A27A27 A27 A2 A2

Let’'s see them in unitary gauge
1

D,® = (a +ilg' By +igg Wa)rb By =i% B,“, Wow = i§0* W

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 + 40 AL, ZV0Y H + g3), HAu, 2"
2
+ Wby Zuw 2P0 H + g\, HZu ZM 4 o), HZ,ZM
1 + - 2 + — 3 oy —
+ toww (WhW TRV H + hee.) + gy HWEW T + g8 HW I w =
o _
cBf = g{”jfoRH +h.c.
2 2
_ _as fagv _ _(9°vs"\ fww + fBB
9Hgg = = -3 VGH~y = oz ) T o
2 2 2 2

1 _ (gv) sUw — fB) (2 _ (g97v) sl2s"fe — 2¢" fwwl
9nzy = | 5p2 2¢ IHZy T\ gp2 2¢ ’

1y [ Ffw +5%fs @ v\ s*fpp + ctfww
Iuzz =\ a2 | 7 22 IHzz = T\ ga2 | T 22

() w @ __ (),
guww = (5x ) JIHWW = oz ) fww

f ,77”{ 1 v? f ®2 _ SM 17f.fq>,2
IHij = > V2A2 f »IHze = 9Hzx 5 A2
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

va v 1 2
el = gy HGL, G 4 gy HAL AP + g%)zn, A, Z"oVH +g§.1)z,y HAu, 2"
L) Zu,zMoYH +¢\%) HZ,,z" + 43 HzZ, 7"
t  9nzz Zuv t 9577z HZuw t9nzz In
(1) + W gy (2) + g s (3) B
+ +d T hw (WWW 8V H + hAcA) + oG w HW,L, W + 0w HW,IW
o _
cBrf _qgijfoRH +h.c.
’ __as fagv B _ g%vs®\ fww + fBB
Hgg 8m A2 P IHyy 272 2 ’
a (%) sUw - fB) 2 _ (9% s2s°feB — 2¢° fww]
9nzy = | 5p2 2¢ IHZy T\ gp2 2¢ ’

O
IHZz = A2

_ (o) fw
T \2a2) 2

Juan Gonzélez Fraile (ITP-Heidelberg)

Afw +s%fp
2c2

(2)
"IHZZ

WIN15

— g2'U
- 2A2

s*fep +ctfww
2c2
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HVV
Lott

Hff
Lost

Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

a (%) sUw - fB)
9HZy = \ 552 2¢

O
IHZz = A2

2c2
(1) (97 fw
IHWW T\ 92 ) o
f 2
f mi v
IHij = T, <1 - mff)

Juan Gonzélez Fraile (ITP-Heidelberg)

Afw +s%fp

2
v 0y 22" H + 9G) , HZu 2"+ g HZ, 2"
+ +gg‘)/vw (W::,Wi HOYH + hAcA) + ggavw
glf-IijfoRH + h.c.
_ _as fagv
9Hgg 8r A2

WIN15

1 2
= YHgg HGZVGQ‘“/ + GH~~ HAHVA’“) + g§{)Z»y AMVZMBVH + g( )

2

)

v
by HAWZ

+ oy B (3) Fy— B
HW‘“}W + 9nww HW‘LW

fww + fBB
2

’

s[2s? fpp — 2¢* fww]

2c

s*fep +ctfww
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

£V = gmgg HG, G + gy ey HAp A + gg)zw Aup Z"o" H + gg)zﬁ, HA,;, Z""
1 2 3
+ Wby Zuw 2P0 H + g\, HZu ZM 4 o), HZ,ZM
(1) + - Bav (2) + o — pv (3) R,
+ +d T hw (WWW 8V H + hAcA) + oG w HW,L, W + 0w HW,IW
I _
cld? = ol FLfrH +he
2 2
B _ _as fagv B _ _(9°vs"\ fww + fBB
Hog 8r A2 P IHYy 272 2 ’
JRCO I g%v\ s(fw — fB) o2 = g%v\ s[2s’fer — 2¢2 fww]
HZ~ 272 2¢ VIHZy 2A2 2¢ ’
(1)  _ g?v\ A fw +s%fp 2 v\ s*fpp + ctfww
Inzz =\gpz ) T 22 9nzz = 7\ oAz 2¢2 ’
eN [ d*v) fw 42 _ g%v ¥
HWW oAa2 ) 2 rIHWW oA2 ww
2 2
f ,7m{ oY ¥ 22 _  SM ]7'“7f<1>,2
IHi; T T, NI 'IHze = 9Haw 5 A2
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Effective Lagrangian for Higgs Interactions

1 2
BV = gngg HGR,G™™ + gryy HAW AP + 40 AL, ZV0Y H + g3), HAu, 2"
+ 9(1;)22 Zuy 2" 0V H + 9(1?)22 HZu, 2" + 95;)77 HZ,z"
(1) + oy BaY (2) + oy B (3) Fy— B
+ talw (WHLWT RO H 4 he) + iRy HWEW TR g HwEw
" _
cBrf 9% FLfRH + hc.
2 2
B _ _as fagv B 9°vs®\ fww + fBB
Hog 8r A2 P IHy 242 2 ’
2 _ 2 942 9e2
s g“v\ s(fw — fB) g2 g°v\ s[2s°fpp c“fwwl
HZy 2A2 2¢ PIHZy 2A2 2¢ ’
(v PFfw + 5B (2)  _ g?v\ s'feB + tfww
Inzz = \ga2 )~ 22 nzz = T \gp2 ) T 22
g(l) _ g%v\ fw g 2) _ g%v f
HWW oAa2 ) 2 rIHWW oA2 ww
f 7m{ 1_ v? P 22 _  SM ]7’177‘@,2
IHij > V2A2 f »IHze = 9Hzx 5 A2
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

BV = gngg HGR,G™™ + gryy HAW AP + 40 AL, ZV0Y H + g3), HAu, 2"
+ o), 20,210 H 4 93, HZ,, 2" + gﬁ,)zz HZ, 7"
(1) ot v — A . (2) + — pv (3) SRR T )
+ How (WL W HOVH 4 hee) + g5l HWEW ™ 4 gih o HW W
o _
chfr = g{_IijfoRH-I»hACA
2 2
B _ _as fagv B _ (97w fww + fBB
Hog 8r A2 P IHYy 272 2 ’
2 2 2 2
1 _ (gv) sUw — fB) (2 _ (g97v) sl2s"fe — 2¢" fwwl
9nzy = | 5p2 2¢ IHZy T\ gp2 2¢ ’
a (9% Ffw +sfB 2 g*v\ s'feB +tfww
Inzz = \ 32 2c2 Inzz = 2A2 2c2 ’
(1) -~ g%v\ fw (2) -~ g%v
gaww = | 552 5 Ipww =~ | 5az fww
2
f ,7m{ 171’7]( 22 _  SM ]777‘@2
Imij; = > V2A2 f erT = 9Haz 3 A2
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

1 2
BV = gngg HGR,G™™ + gryy HAW AP + 40 AL, ZV0Y H + g3), HAu, 2"
2 3
+ Wby Zuw 2P0 H + g\, HZu ZM 4 o), HZ,ZM
o) + - ) + - ) -
+ +d T hw (WWW HovYH + hAcA) + oG BW LW 4 g HW W e
o _
cBf = _qgijfoRH +h.c.
2 2
_ _as fagv _ g vs”\ fww + fBB
9Hgg o Az s 9Hy~y v e
2 2 2 2

1 _ (gv) sUw — fB) (2 _ (g97v) sl2s"fe — 2¢" fwwl
9nzy = | 5p2 2¢ IHZy T\ gp2 2¢ ’

) (v iw + @ _ (9% sYBB+tww
Inzz = \ 32 2c2 Inzz = 2A2 2c2 ’
gt = LQU g =- sz f

HWW A2 IHW W oaz | Tww o

, mf o2 7
of i(q_ g2 —gSm (v e,
9IHj > 'IHzw Hzz 5 A2
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Rate—based results

A variety of correlations

5 10_ 15 _20 10 _20 _30
fw/AZ [TeV?] fi/AZ [TeV?

2-d correlations with 68%, 90%, 95% and 99%
CL allowed regions in the planes fyww X fBB,
fw X B, and fB X fBB (TeV*2>< TeV*Z).

60 -40 20 0 _ 20 _40
fg/A2 [TeV?]
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Rate—based results

A variety of correlations

5 10_ 15 _20 10 20 30
fw/AZ [TeV?] fi/AZ [TeV?
210 SN
fBB//‘\2 :"y i i 0, o, o, 0,
[TeV< 5 2-d correlations with 68%, 90%, 95% and 99%

CL allowed regions in the planes fyww X fBB,
fw x fg,and fg x fpp (TeV—2x TeV—2).

Lorentz structures not exploited so far...

Add kinematic distributions!

60 -40 20 0 _ 20 _40
fg/A2 [TeV?]
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Kinematic distributions

p¥. in associated production

28005 Oleptons - 1lepton
2 %
5 f B
2600F 2
3 10°
L e H A Y s S
2006 SM —SM
[ —(SM Higgs) x 30  E— Wk (SM H|§gs) X 8(2
(£,/A>=-20 ch"z) x 30 (fWW/A“:fRR/A“:ZOTeV'z) X 80
B Ty ‘ : B T
K 50 1007 1507 2000250 0 50 100 150 200 250
prV(GeV) pr¥(GeV)
- 2leptons
3 10 ATLAS H — bb (1409.6212)
2100
L e
pY. is sensitive to maximum energy flow of
the event
o ) )
—SM e Background rapidly decreases, while
— (M iggs) = 70 nhancement for dimension-6 operator
(£, /A> 20TeV) x 70 + enhancement for dimension-6 operators
B0 TS0 300 350
prV(GeV)
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Kinematic distributions

py. implementation

Simulation with usual tools: FeynRules, MadGraph5, Pythia, PGS4/DELPHES

2leptons

Events/bin
S
=

ot ' ;
—SM N
— (SM Higgs) x 70
weo (fy/A? =20TeV?) x 70 \;+
Il L Il Il Il Il Il Il
0 50 100 150 200 250
pV(GeV)
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Kinematic distributions

py. implementation

Simulation with usual tools: FeynRules, MadGraph5, Pythia, PGS4/DELPHES

® Distributions for cut-based cross check

o Less precise
o Shifted central measurement

2leptons

MVA-8 TeV: ©n=0.65+0.4
Cut-based-8TeV: nw=123+0.6

:‘: Thus, combination is not straightforward.

Events/bin
S
=

110 S ) ;
— (SM Higgs) x 70
weo (fy/A? =20TeV?) x 70 L
Il L Il Il Il Il Il Il
0 50 100 150 200 250

PrV(GeV)
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Kinematic distributions

py. implementation

Simulation with usual tools: FeynRules, MadGraph5, Pythia, PGS4/DELPHES

® Distributions for cut-based cross check

o Less precise
o Shifted central measurement

2leptons
5 MVA-8 TeV: ©n=0.65+0.4
Z 0L Cut-based-8TeV: nw=123+0.6
a P
Thus, combination is not straightforward.
:‘:' e Optimal:
ot o fix normalization from MVA
— (SM Higgs) x 70
(£ /A® =20TeV?) x 70 |
0TI T00T TS0 TR0 350
pV(GeV)
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Kinematic distributions

py. implementation

Simulation with usual tools: FeynRules, MadGraph5, Pythia, PGS4/DELPHES

2leptons

Events/bin
=)
=

wor '
—SM e
— (SM Higgs) x 70
weo (fy/A? =20TeV?) x 70 L
Il L Il Il Il Il Il Il
0 50 100 150 200 230

PrV(GeV)

Juan Gonzélez Fraile (ITP-Heidelberg)

® Distributions for cut-based cross check

o Less precise
o Shifted central measurement

MVA-8 TeV:
Cut-based-8TeV:

p=0.65+0.4
p=123+06

Thus, combination is not straightforward.

® Optimal:
o fix normalization from MVA
o define asymmetries

L biﬂi+1 — bini
"7 bin;y 1 +bin;

Added to the likelihood function
propagating the uncertainties

WIN15 MPIK-Heidelberg, June 2015
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Kinematic distributions

A®;; in weak boson fusion

. 1Y ij
S 102 —SM Higgs
2 r 2 2 -2
g [ fWW/AZ:-fBB/Afonev ,
& Fyw/ A =-fpp/A"=-20TeV"
[
10, 3 73 T
AD

Ii

ATLAS H — ~~ differential study (1407.4222)
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Kinematic distributions
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Kinematic distributions

Full dimension-6 analysis
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Kinematic distributions
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Kinematic distributions

EFT from Effective?
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Kinematic distributions

1dimensional results

, L=455.1(7 TeV)+19.4-20.3(8 TeV) !, 68% CL: ATLAS + CMS
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Kinematic distributions

mue from off—shell measurements
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Kinematic distributions

mue from off—shell measurements
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Kinematic distributions

mue from off—shell measurements
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Kinematic distributions
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Kinematic distributions
I'y from off—shell measurements

2 2
on-shell 9i (mm) g5 (m) off-shell 2 2
oo p X o vrs. oS X g; (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).
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Kinematic distributions
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Outlook

Conclusions

arXiv:1505.05516

® So far the Higgs boson seems completely SM-like.
A—framework aligned with experimental measurements: test different analysis features.

® Moving to Effective Lagrangian analysis: Kinematic distributions essential.
Restricting to the Higgs sector: biggest differences between EFT and A—framework are
anomalous momentum dependence on some vertices.

® Optimal implementation of kinematic distributions in a global analysis is feasible:
o Increased sensitivity.
< Remove correlations.

We start being sensitive to more and more deviations: for instance Oy and Ogp in
weak sector.
Drawback: consistenty of EFT will need to be carefully checked.

e Off-shell distributions are also starting to be sensitive to gluon and top operators.
o Disentangle O¢¢ from O, (and sign of top-Yukawal).
o Total width IT'yy < 9.3'2 68% CL.
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® Optimal implementation of kinematic distributions in a global analysis is feasible:
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We start being sensitive to more and more deviations: for instance Oy and Ogp in
weak sector.
Drawback: consistenty of EFT will need to be carefully checked.

e Off-shell distributions are also starting to be sensitive to gluon and top operators.
o Disentangle O¢¢ from O, (and sign of top-Yukawal).
o Total width IT'yy < 9.3'2 68% CL.

Thank you!
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A—framework: results

A—framework: results Il

o Correlated theory uncertainties:

L=4.5-5.1(7 ToV)+19.4-20.3(8 TeV) fb', 68% CL: ATLAS + CMS
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o N3LO for gluon fusion:
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