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Gauge-Higgs couplings at the LHC

Outline

Precise study of the SM particle interactions as a door for hints of New Physics/answers.

Triple gauge boson couplings (WWYV) Higgs coupling measurements )

o SM: fixed by gauge invariance and

renormalizability <o Run I: SM hypothesis works, coupling

strengths < 20%.

o BSM: strong sectors (composite
fermions/Higgs 1406.7320), new bosonic
states (1510.03114), extra dimensional
Gauge-Higgs unification (1604.01531).

o BSM: extended Higgs sectors, 2HDM,
Higgs Portals, vector triplets, strongly
sectors etc

o LHC (Run ) “combination” o Beyond the A framework: EFT’s
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Gauge-Higgs couplings at the LHC

Outline

Precise study of the SM particle interactions as a door for hints of New Physics/answers.

Triple gauge boson couplings (WWYV) Higgs coupling measurements

<

SM: fixed by gauge invariance and

renormalizability <o Run I: SM hypothesis works, coupling

strengths < 20%.

BSM: strong sectors (composite
fermions/Higgs 1406.7320), new bosonic
states (1510.03114), extra dimensional
Gauge-Higgs unification (1604.01531).

o BSM: extended Higgs sectors, 2HDM,
Higgs Portals, vector triplets, strongly
sectors etc

LHC (Run ) “combination” o Beyond the A framework: EFT’s

Why is a combined Gauge-Higgs analysis interesting?
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Gauge-Higgs couplings at the LHC

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)
The Higgs portal extension

A. Butter, T. Corbett, O. J. P. Eboli, D. Gongalves, J. G-F, M. C. Gonzalez—Garcia, T. Plehn,
M. Rauch,
arXiv: 1207.1344, 1211.4580, 1304.1151, 1505.05516, 1604.03105, 1607.04562

o Non-linear EFT.

Decorrelating Higgs — TGV

I. Brivio, T. Corbett, O. J. P. Eboli, M. B. Gavela, J. G-F, M. C. Gonzalez—Garcia, L. Merlo,
S. Rigolin, J. Yepes,
arXiv: 1311.1823, 1406.6367, 1511.08188, 1604.06801
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SFITTER

Analysis Framework

® Higgs analyses based on Run | event rates (159 measurements):

Modes ATLAS CcMS

HSWW 1412.2641 1312.1129
H— 27 1408.5191 1312.5353
H =~y 1408.7084 1407.0558
H 17 1501.04943 1401.5041
H — bb 1409.6212 1310.3687
H— Zv 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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The A—framework

The A—framework

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

m _
L=Lsy+ Aw gmwH W”WH + Ay %mzH ZHZM — Z Af TfH (fRfL + hC)
w 7,b,t

+AgFg — GuuG* + AyFa — A APV 4 invisible decays ,
v v

o Can be easily linked to extended Higgs sectors
(cos o > 0.93)68 CL 2HDM and Composite Higgs

(AV c 6% and Af c 12%)68 CL’ nggs Portals 08 . S;:AS—E1(7TeV)+|9A—203(BTeVHb' (ﬁ:@;: ATLAS + CMS
(BR < 30 6%)95 cL 06| * da‘:xp G=0c (1440
nv . . 04 1
it
o A—framework is well aligned with experimental Ot | ‘ Mt
measurements. Suitable for testing different o [ I
analysis details— 1505.05516 s
-0.8
Correlated theory uncertainties, Gaussian vrs flat, LI 4T LG PPt 4,

N3LO for gluon fusion ...
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The A—framework

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

m _
L=Lsy+ Aw gmwH W”WH + Ay %mzH ZHZM — Z Af TfH (fRfL + hC)
w 7,b,t

+AgFg — GuuG* + AyFa — A APV 4 invisible decays ,
v v

o Can be easily linked to extended Higgs sectors
(cos o > 0.93)68 CL 2HDM and Composite Higgs

(AV c 6% and Af c 12%)68 CL’ nggs Portals 08 . S;:AS—E1(7TeV)+|9A—203(BTeVHb' (ﬁ:/asc; ATLAS + CMS
(BR < 30 6%)95 cL 06| * da‘:xp G=0c (1440
nv . . 04 1
it
o A—framework is well aligned with experimental Ot | ‘ Mt
measurements. Suitable for testing different o [ I
analysis details— 1505.05516 s
-0.8
Correlated theory uncertainties, Gaussian vrs flat, LI 4T LG PPt 4,

N3LO for gluon fusion ...

Going beyond: Effective Lagrangians!
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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.

Lo = LM 4 E Z 7 0(4+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 an ordering principle 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.

Lo = LM 4 E Z 7 0(4+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 an ordering principle in terms of A.

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

Apply it to the Higgs sector! (( >>

1207.1344
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian: the linear realization

Bottom-up model-independent effective Lagrangian approach:
_ £SM Z 7(9"

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

1D“<I>7(E) +idg' By +ig P W) @, Buy = i% " By, Wy = ig0oWo

nv
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian: the linear realization

Bottom-up model-independent effective Lagrangian approach:
_ £SM Z 7(9"

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,“, Wy = i80"WS,
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian: the linear realization

Bottom-up model-independent effective Lagrangian approach:
_ £SM Z 7(9"

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:'

Ogg = ®to Go, Garv, Oww = TW,, WHr'®, Opp = ®1B,, B*®,
Op o = 30" (21®) 9, (2T®), Ow = (D, @)IWH"(D,®), Op = (D,®)!B"(D,®),
Ocs,33 = (BT®)(L3®er 3), Ous,33 = (PT0)(Q3Pur3), Oa,ss = (2T0)(QsPdg3) .,

Owww = Tr (VAVHVVAV””W#)
Thus, 10 parameters for Gauge-Higgs sector:

fec fww feB fe2 fw fB fr fo ft fwww

A2 A2 7 A2 A2 A20AZVA20 A2 A2 A2

]
D,® = (a,L +ilg' By +igog Wa) ®, By =i% B,“, Wy = i80"WS,
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian: the linear realization

Bottom-up model-independent effective Lagrangian approach:
_ £SM Z 7(9"

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:'

Ogg = ®to Go, Garv, Oww = TW,, WHr'®, Opp = ®1B,, B*®,

Og2 = 300 (21®) 9, (2T0), Ow = (D.®)IWH(D,®), Op = (D,®)'B"(D,®),
Ocs,33 = (BT®)(L3®er 3), Ous,33 = (BT®)(Q3Pur,3), Ouasss = (®719)(Q3Pdr,3) ,

Owww = Tr (VAVHVVAV””W#)
Thus, 10 parameters for Gauge-Higgs sector:

fec fww feB fe2 fw fB fr fo ft fwww

A2 A2 7 A2 A2 A20AZVA20 A2 A2 A2

Let’s see them in unitary gauge

]
D,® = (a,L +ilg' By +igog Wa) ®, By =i% B,“, Wy = i80"WS,
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

HVV
Lett

cHff
Lest

Juan Gonzélez Fraile (Heidelberg)

= grgy HGL, G 4 grn HAW AP + g'7) L AuZHoVH + 982 L HALZM
+ 95yy Zu 2P0V H + 95, HZu 2" + gl )ZZ HZ, 7"
+ +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

Higgs Days at Santander

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

(2 _ v\ s*fpp + ctfww
9Hzz = 2A2 2c2 ’
a2 =- sz i
CIHWW = onz ) Tww

®,2 SM (4 2 fo,2
I e = YHaa - ? A2
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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 .
+ Gy ZuwZM O H + 95, H2u ZM + 6\, HZ,Z"
(1) + —pav (2) + — pv (3) Hy— @
+  t9pww (WMDW 0"H + h-c-) +9gww HW,, W +9gww HW, W
" _
cBfr = glf_”jfoRH+h.c.
2 2

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

Hog st A2 P IHYy 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 @

IHww = A2 2 cIgHwWw T T

2
oo mif 1 v @2 _ SM :
IHij =7 7, - mff 'IHzx = YHza
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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
+ g(H)ZZ ZuyZ"0" H + Q(H)zz HZu, 2" + giq)zz HZ,Z"
(1) + WMoY (2) + — pv (3) 41— 1
+ Hgww (WhwTHe H + h.c.) + o\ w HW,L,W + o\ HW,IW
o _
cBfr = glf_”jfoRH+h.c.
2, .2
B _ _as fagv B _ _(gvs"\ fww + fBB
Hog 8r A2 P IHYy 272 2 ’
e g%v\ s(fw — ) R g%v )\ sl2s®feB — 2¢* fww]
HZ~ 2A2 2¢ HZ~ 2A2 2¢ ’
RO g%v\ Pfw +s°fB NON v\ s*fpp + ctfww
HzZ 2A2 2c2 THZZ 2A2 2c2 ’
G (970w JE I
HWW onz | 3 IHWW
2
foo= m/ 1 v ®,2 SM
IHij =7 7, TV fr 'IHze = 9Hza

Juan Gonzélez Fraile (Heidelberg) Higgs Days at Santander September 2016 8/24



Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

HVV
Lett

cHff
Lest
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1
= 9Hgg HG Ga‘“/ + 9H~~ HAMVA“V + q( )

L AV 2
+ &, ZztetH + ¢\,
(1) +
+ Hgww (Whw
= g{”jf’LfRH+h.c.
a5 fggv
IHgg =~ g T2

1 _ <927U> s(fw — fB)

91zy = | 5p2 2

2A2 2c2

(1) () fw
THWW =92 ) T2

mf o2
=T <1* m”)

“HOVH 4 h.c.) F o HWE W™ 4 g3

D (L) Sz n
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Effective Lagrangian for Higgs Interactions

Effective Lagrangian for Higgs Interactions

HVV 1 2
£cHy = Gmgg HGL,G™ + gpyon HAL APV + g%)z‘y AL, ZROVH + g;[)Z’Y HA,, Z"
(1) . (2) (3) .
t 9nzz 2w ZMOVH + 9y H2u ZMY + 9y H2u 28
1 , e 2 B 114 3 e
+ tow (WELWT RO H 4 he) + o\l HWEL,W TR 4 iR Hw Fw s
- ~
cBfr = ng_”jfoRH+h.c.
2, .2
B _ _as fagv B _ g°vs”\ fww + fBB
H99 = "5 A2 P IHY 2A2 2 ’
CO - g%v\ s(fw — fB) g2 g%v)\ sl2s®’fpB — 2¢° fww]
Hzy 2A2 2¢ PTHZy 2A2 2¢ ’
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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

HzZ 2A2 2c2 THZZ 2A2 2c2 ’
o (%) fw 42 _ (97

HWW onz | 3 CIHWW A2

2
oM t ®,2 _ SM
9Hi; = v7 1= mff »IHze = 9Hzx
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Effective Lagrangian for Higgs Interactions

Global analysis of the Higgs interactions |
Event rates (159) from ATLAS and CMS:

H—->WW
H—ZZ
H — vy
H—= 77
H — bb
H — Z~

H — invisible
ttH production
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Effective Lagrangian for Higgs Interactions

Global analysis of the Higgs interactions |
Distributions from ATLAS H — bb (1409.6212):

2leptons

Event rates (159) from ATLAS and CMS:

H—->WW
H—ZZ

H — vy
H—r7 .
H — bb 10
H — Z~ —sM LL
— (SM Higgs) x 70
- (fy/A> =20TeV?) x 70 T

H — invisible

ttH production 0RO 0800 350
PrY(GeV)

Events/bin
S
T
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Effective Lagrangian for Higgs Interactions

Global analysis of the Higgs interactions |
Distributions from ATLAS H — bb (1409.6212):

2leptons

Event rates (159) from ATLAS and CMS:

H—->WW
H—ZZ

H =y
H—r7 :‘;‘
H —bb 10t
H— Z’y :(SSI\I/\[/IHiggs)xm»
H — invisible - (fy/A” =20TeV?) x 70 \;*
ttH production 0BT 000800 350

Events/bin
S
T

p,V(GeV)

From ATLAS differential H — ~~ (1407.4222):

- i
glozi —SM ngggs‘ N .
g o gl A= E /A *=20TeV
& Fyw/ A=/ A’=-20Te V>
!
10 /3 7 T
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Event rates (159) from ATLAS and CMS:

Effective Lagrangian for Higgs Interactions

Global analysis of the Higgs interactions |

H—->WW
H—ZZ
H — vy
H—= 77
H — bb
H — Z~

H — invisible
ttH production

2leptons
g
<
Z.0]
5 107
@
10+ '
— (SM Higgs) x 70
- (fy/A> =20TeV?) x 70 I
T T PRI
0 50 100 150 200 250
prY(GeV)

Distributions from ATLAS H — bb (1409.6212):

From ATLAS differential H — ~~ (1407.4222):

Vi

=
glozi —SM ngggs‘ N N
Z /A =y =207V
& T/ A= fy/A?=-20TeV
)
|
10 w3 w73 T
AD,

Juan Gonzélez Fraile (Heidelberg)

myy from off-shell measurements:

L=5.1 (7 TeV) + 19.7 8 TeV) b CMS
T T T T

pp

1=

Events/bin

—@-2Z
—g99-2Z
(BgD)=(1,-1)
(B58)=(0,-2)
—— data

~2Z
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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 (Heidelberg) Higgs Days at Santander
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Effective Lagrangian for Higgs Interactions

Full dimension-6 analysis

-8
0 5 10 15 20 0 _20 -20

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

5 10, 15 20 10 20 30
fuw/AZ [TeV?] fu/AZ [TeV'?]

-20

0. 20 _40
fg/A2 [TeV?

Juan Gonzélez Fraile (Heidelberg) Higgs Days at Santander September 2016 10/24



Combination of LHC Run | TGV data

Effective Lagrangian for TGV interactions

The usual Lagrangian to study TGV interactions since LEP:

o ALA G — < —igV (WJVW“\/” - W;WWVV) — iRy W W, VA
C AVt
sz‘%V Wqu,fLVVp>
2,,2
AgZ =g7 1= L g,
91 91 B2A2 fw
2,2
gcv
sy =1 ()
Koy Koy oAz fw + fB
2,2
g-v 2 2
AkK =ky—1= (C -8 ) )
z z sz \&Tw fB
3g2M2
Ay =Xz = TWfWWW .
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Combination of LHC Run | TGV data

Effective Lagrangian for TGV interactions

The usual Lagrangian to study TGV interactions since LEP:

wwv
Leit =

LAV
i WWWWVP)

These can be directly measured at Colliders in
diboson production (WW, W Z, W~):

>04 T T T T
zZ
3 03 [ —% 4 Agl
N\ Hices
02 - \ 4
ot | B AH—Y
o - 4
o1 | B Akz
-02 |- B
HIGGS —kin.
T T R T S TR ¥ A’y

Juan Gonzélez Fraile (Heidelberg)

97 -1
=Ky —1
kz —1
=Az =
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2,2
gv
8()2A2fW ;

2,2
gv
W(fWJrfB) )

2,2
gv
m<c2fw_52f3) )
392 M2,
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Combination of LHC Run | TGV data

Effective Lagrangian for TGV interactions

The usual Lagrangian to study TGV interactions since LEP:

WWwWVvV
Eeff

Ay
—1
Mg,

wj, wh V"”>

These can be directly measured at Colliders in
diboson production (WW, W Z, W~):

Ag?

- - - 91
£ 1 SM WW f/A’=25TeV?
H l B Background ... f/A*=25TeV™

& - o Fgy/A’=25Te V™ A Ky

— Data
Aky
Ay

900
prlead(GeV)

Juan Gonzélez Fraile (Heidelberg)
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of —1
Ky — 1
ky —1
=Xz =

P — < —igV (WJVW“V” - WJWWVV) — iy WIW, VA

9202
8c2A?
2,2
g%v
8?(fw-f-fB) )

8902;11}; (CQJCW - 52fB> )

392M2

fw

TWJCWWW .
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Combination of LHC Run | TGV data

Analysis Framework arXiv:1604.03105
Channel Distribution  # bins Data set
WW lep. plead 4 ATLAS 8 TeV, 20.3 fb— T, 1603.01702
WW lep. m, 0 8 CMS 8 TeV, 19.4 fb—1, 1507.03268
W Z lep. m;%Z 6 ATLAS 8 TeV, 20.3 fb—1, 1603.02151
W Z lep. Z—pt 10 CMS 8 TeV, 19.6 fo—1, PAS-SMP-12-006
WV semilep. V—pJTJ’ 12 ATLAS 7 TeV, 4.6 fb—1, 1410.7238
WV semilep. | V—p?? 10 CMS 7 TeV, 5.0 fb—1, 1210.7544
W Z lep. Z—ptt 7 ATLAS 7 TeV, 4.6 fb—1, 1208.1390
W Z lep. Z—pgZ 8 CMS 7 TeV, 4.9 fb—1, PAS-SMP-12-006

¢ Re-interpret searches: FR, MG5, Pythia,
Delphes

o Statistical analysis: SFITTER

Log-likelihood analysis: statistical,
background, systematic, and theory
uncertainties.

Including correlations

Validation: example ATLAS WW at 8TeV
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Combination of LHC Run | TGV data

Analysis Framework

arXiv:1604.03105

Channel Distribution ~ # bins Data set

WW lep. plead 4 ATLAS 8 TeV, 20.3 fb— T, 1603.01702
WW lep. m,,) 8 CMS 8 TeV, 19.4 fb—1, 1507.03268
W Z lep. mﬁz 6 ATLAS 8 TeV, 20.3 fb—1, 1603.02151
W Z lep. Z—prf 10 CMS 8 TeV, 19.6 fb—1, PAS-SMP-12-006
WV semilep. | V—p 12 ATLAS 7 TeV, 4.6 fb—1, 1410.7238
WV semilep. | V—p?? 10 CMS 7 TeV, 5.0 fb—1, 1210.7544
W Z lep. Z—ptt 7 ATLAS 7 TeV, 4.6 fb—1, 1208.1390
WZ lep. Z—p%:e 8 CMS 7 TeV, 4.9 fb—1, PAS-SMP-12-006

o Re-interpret searches: FR, MG5, Pythia,

Delphes

o Statistical analysis: SFITTER

Log-likelihood analysis: statistical,

background, systematic, and theory

uncertainties.
Including correlations

Validation: example ATLAS WW at 8TeV

Juan Gonzélez Fraile (Heidelberg)
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Combination of LHC Run | TGV data

Analysis Framework arXiv:1604.03105
Channel Distribution ~ # bins Data set
WW lep. plead 4 ATLAS 8 TeV, 20.3 fb— T, 1603.01702
WW lep. m%(,) 8 CMS 8 TeV, 19.4 fb—1, 1507.03268
W Z lep. miVZ 6 ATLAS 8 TeV, 20.3 fb—1, 1603.02151
W Z lep. Z—p% 10 CMS 8 TeV, 19.6 fo—!, PAS-SMP-12-006
WV semilep. V—pJTJ_ 12 ATLAS 7 TeV, 4.6 fb—1, 1410.7238
WV semilep. | V—p?? 10 CMS 7 TeV, 5.0 fb—1, 1210.7544
W Z lep. Z—p[e 7 ATLAS 7 TeV, 4.6 fb—1, 1208.1390
W Z lep. Z—pr 8 CMS 7 TeV, 4.9 fb—1, PAS-SMP-12-006
— 15 105
o Re-interpret searches: FR, MG5, Pythia, > F ) Drter 0 8
Delphes E 10/ bestfit 2 s T
o Statistical analysis: SFITTER EN< F 7
L 6
Log-likelihood analysis: statistical, F 5
background, systematic, and theory t 4
uncertainties. F 3
Including correlations 10 2
n 1
Validation: example ATLAS WW at 8TeV B T o B TR D
/TV; [Tev?
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Combination of LHC Run | TGV data

Combined LHC Run | results

= 8wz

205

Variety of channels leads to strong constraints:

-10

0 10 20 30
/T"g[TeV'Z]

arXiv:1604.03105

L=+ 8wz

IR A N LT

T S N A

-30 -20 -10

10 .
/TV; [Tev?

o Strongest: fyyrww /A? (from WW and W Z), close: fyr /A2 (also from both).

o fp weaker: only WW (in WWZ -

< Semileptonic 8 TeV would improve the results.

Juan Gonzélez Fraile (Heidelberg)
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Combination of LHC Run | TGV data

Comparison and combination with LEP  .xiv-1604.03105
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Combination of LHC Run | TGV data

Comparison and combination with LEP  .xiv-1604.03105

o 10 o 40
E g A N : E 200
§N< L / N ‘*—m‘N< b
. [ | |LHC+LEP N 0
—10j | \
E\ \ -20F
-20F \ \1 ¥
r \ } _4of
_300 N LEP [
30F N / —s0F
r \\ / [
40 : S —gOL
05750 5101520f253035 057570 5101520f253035
P[Tev 2 P[Tev g

o LHC+LEP 95%CL (1-dim profiled)

fW €[-1.3, 6.3] TevV~2 i—f’; €[-2.7,2.8] TeV=2 .

- fwww
€ [-18,5, 10.9] TeV—2 T

o LHC 95% CL (1-dim profiled)
Ag? € [—0.006, 0.026] , Ak~ € [<0.041, 0.072] , A,z € [~0.0098, 0.013] .
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Combination of LHC Run | TGV data

Comparison and combination with LEP  .xiv-1604.03105

& 10r o 401
%: P LHC | ———— % [
E g A N E 200
? co/ N e |
S | |LHesep N o
—10j | \ r
E\ \ -20
L \ r
-20- \\ \ [
L \ | —40j
[ J i
_30C LEP [
30 ~ / -60"
r \\ s/ [
L \\\_/// [
—4 Qe - o -sok -
=10 5 0 5 10 15 20 f25 30 35 10 5 O 5 lO 15 20 f25 30 35
P[Tev 2 P[Tev g
LHC Run |
68 % CL Correlations
Agf 0.010 £ 0.008 1.00 0.19 —0.06
Ak~ 0.017 £+ 0.028 0.19 1.00 —-0.01
A 0.0029 £ 0.0057 —0.06 —0.01 1.00
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Combination of LHC Run | TGV data

Combined Gauge-Higgs results arXiv:1604.03105

a04

AVe

0.3 [ LHC—TGV comb. <

0.2

0.1

HIGGS —kin.
03 Dol e L L

—0.1 —0.05 0 0.05 0.1 0.15

A91Z
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Combination of LHC Run | TGV data

Combined Gauge-Higgs results arXiv:1505.05516

Il L L Il L L — L Il
=10 -5 0 5 10f 15 2 -20-15-10 -5 0 5 lfO 15 2C -60 -40 -20 O ¢ 20 1
o Tev M mev revy M,
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Combination of LHC Run | TGV data

Combined Gauge-Higgs results arXiv:1604.03105

=
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8 <~
<
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3
2
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5 1f0 15 2C -60 —40 -20 O . 20 1
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- 10, 103’
3 ° 2
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Combination of LHC Run | TGV data

Combined Gauge-Higgs results Il

arXiv:1604.03105

0A% AN A2, AT
e TeV] [Tey; fTev]
1 0.25
10 1 | 0.3 10 0.3
K SV T PO N YRS L
1D ASLLE § | 1R | | | | 05
o 1 03 0 -
0.25
20 5 05
@ LHC-Higgs, 95% CL 0.2 o
-30 @ LHC-Higgs + LHC-TGV + LEP-TGV, 95% CL 0.3
-40 15
0.15 0.25
-50 -20
% %% % e % Oﬁ%’ ¢ 9 9

o Combination based on Oy and O common contribution to both Higgs and TGV
interaction — correlation from Higgs SU(2), doublet nature.
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Combination of LHC Run | TGV data

Combined Gauge-Higgs results Il

arXiv:1604.03105

/A2 ANT A2 AN

[Tey;) TeV] [Tey:? [TeV]
1 0.25
10 1 | 0.3 10 0.3
o “ O O e | O Y 0s
1D ASLLE § | 1R | | | | 05
o 1 03 0 -
0.25
20 5 05
@ LHC-Higgs, 95% CL 0.2 10
-30 @ LHC-Higgs + LHC-TGV + LEP-TGV, 95% CL| 0.3
0 015 s 025
-50 ' -20
@ % %9, 2 g 2@

o Combination based on Oy and O common contribution to both Higgs and TGV
interaction — correlation from Higgs SU(2), doublet nature.

o Relaxing this assumption — Non-linear effective lagrangian expansion

Higgs-TGV (de)correlation — testable
I. Brivio, J. G-F, Gonzalez-Garcia, L. Merlo arXiv:1604.06801
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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 ®
Fi(h) =1+ 2ai% T }% 4. < More possible operators
Dimensionless unitary matrix: U(z) = ei@a™(@)/v
o Relative reshuffling of the

order at which operators
appear

(V) = (D, U) U and T = UosUt)

® The Lagrangian is now:
Lehiral = Lo+ AL

Comparison with the linear basis!

Juan Gonzélez Fraile (Heidelberg) Higgs Days at Santander September 2016 171724



Disentangling a dynamical Higgs

The Non-linear Lagrangian

Alonso et al 1212.3305
Brivio et al 1604.06801

Lchiral = Lo+ AL Buchalla et al 1307.5017

Leading order Lagrangian®
1 1 a aprv 1 v 1 a apv
Lo = S(Ouh)(@"h) = Wi, W — - BuyBM — - Gp, G — V (k)

2
—%Tr[VHV“]]-'C(h) +iQPQ +iLPL
v

V2

Next order: AL = ALpos + ALt For instance, bosonic CP-even part:

(QLUYo(h)QR + h.c.) — % (LLUYLLp +he) ,

ALGE = ePp(h) + ewPw(h) + caPa(h) + erPr(h)
+ couPpua(h)+ > cPi(h)+ > caPi(h)
1——6,8 11——14
+ D> P+ > P+ > aPi(h)
17,18,20 20——24,26 WWW,GGG
2D,U() = 0,U() +igW, (2)U(z) — & By (2)U()os ., Yqp = diag Yy, Yp.1)

Juan Gonzélez Fraile (Heidelberg) Higgs Days at Santander September 2016
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Disentangling a dynamical Higgs

The Non-linear Lagrangian Alonso et al 1212.3305
Brivio et al 1604.06801
'u2
77Tr[V“V”]]-'C(h) Pr(h) = %H(TVM)Tr(Tv”)}‘T(h)
1 v 1 a apy
PB(h):—ZBW,B“ FB ‘PW(h):_ZWuuW # Fw
1 ’
Pa(h) = =1 GpL, G Fg Pou(h) = (0, Fpu (0" Fy ()
P1(h) = Bu Tr(TWHY) Fy Pa(h) = iB‘U,Tr(T[V“,V"])}"Q
P3(h) = %Tr(WW,[V“,V”])]:g Pa(h) = iB‘“,Tr(TV“)a"]-";
Ps(h) = —Tr(W, V0" 7 Polh) = 17 )2(Tr<vHV“)) Fo
1
Ps(h) = (an ) Tr(VuV )a“./’-'g(’) J: Pi11(h) = (in )2 (’IY(V,LV,,)) F11
Pra(h) = (Te(TWp))? Fiz Pis(h) = ETT(TW;LV)Tr(T[V“vVV])]:ls
HYpA (3
Pi1a(h) = £ Tr(TV ) Tr(V, W,)F1a Pi7(h) = ETT(TW;LV)TT(TV“WV}'U
Pig(h) = (4 B — Tr(T[V,, V.])Te(TVH)8" Fis  Pao(h) = WTr(Vuvli>6szoal’fég
Pai(h) = —— (Tr(TV )28, F210” Fhy
(4 > And P2z (h), Paz(h), P2a(h), Pae(h).
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Disentangling a dynamical Higgs

Analysis using only Higgs data

Focusing on Higgs trilinear interactions not many changes:

Juan Gonzélez Fraile (Heidelberg)
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10 cyyyw -
| | | |
3 2 1 0 1
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Disentangling a dynamical Higgs

Decorrelating Higgs and TGV

Interesting aspects show up when comparing different measurements

3Paral|el reasoning applies to Oy, and P3 — Ps
Juan Gonzélez Fraile (Heidelberg) Higgs Days at Santander September 2016 21/24



Disentangling a dynamical Higgs

Decorrelating Higgs and TGV

Interesting aspects show up when comparing different measurements:

In the linear case®

Op = L A Wb B — ST g W (o 4 h?
B = g Awv (v+h)?— @ v (v+h) Higgs-TGV
eg e Correlated!
714 A4 h — 7, ZH0"h h
dcosOy " (v+h)+ dcos2 Oy " (v+h)

whereas in the non-linear case

2
_ P - +v 5 g — ey
Pa(h) = 2ieg? A, W HFWH Fa(h) — 2 29 Zy W=HW Y Fa(h) Higgs- TGV may
be decorrelated!
Pa(h) = 9 Ay ZP0" Fu(h) + ——— Z, 210 Fa(h)
" cos Oy cos? Oy

3Paral|el reasoning applies to Oy, and P3 — Ps
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Disentangling a dynamical Higgs

Decorrelating Higgs and TGV

Interesting aspects show up when comparing different measurements:

In the linear case®

Op = L A Wb B — ST g W (o 4 h?
B = g Awv (v+h) —@ v (v+h) Higgs-TGV
eg e Correlated!
714 A4 h — 7, ZH0"h h
dcosOy " (v+ )+400329W K (v+h)
whereas in the non-linear case
. ie’g
Pa(h) = 2ieg? A W HWTYFy(h) — 2 - Zpyy W—HWHY Fy(h) Higgs-TGV may
be decorrelated!
Pa(h) = 9 A Zrd” Fa(h) + 7ZWZ“6V]-‘4(/1)
" cos Oy cos? Oy

Perform global Higgs-TGV analysis, with non-linear coefficients, defining:

Yp = 4(202 + a4) s Yw = 2(263 — a5) y
Ap =4(2c2 — a4), Aw =2(2¢3 +as),

order d = 6 of the linear regime g = f\—'g, Yw = C\—V‘g, while A = Ay = 0.

3Paral|el reasoning applies to Oy, and P3 — Ps
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Disentangling a dynamical Higgs

Decorrelating Higgs and TGV

10 _Bounds from TGV+Higgs Bounds from TGV+Higgs
£ E g " J
fo ] H ]
gl : :
< ; AX2 Tov+Higgs Néf AX2 TGVA+Higgs
E- N s DO Nso®O
0.5 J [T 5 T ] [T
0.25 [ . ] 0.25 — f
I oof ] 14 Lt ]
-0.25 | 1 1 oz | E
e T ¥ — B T ¥ S—
T, A

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 £ = Il Background
at dim—8 in the linear one) P14 contributes S

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

Lwwy = —igy P7 (W Fo,w, —w,o,wh) v,

2 g° A
- P pia+poa]l 2o

- -
cos Oy

25 50 75 100 125 150 175 200 225
pr(Gev)

® 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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Outlook

Summary

® Higgs:
o A—framework: well aligned with experimental measurements.
o EFT: Kinematic distributions included, key feature.
® Gauge-Higgs:
o Combination of LHC Run | EW pair production: improves LEP TGV bounds.

o (De)correlations Higgs—TGV — dinsentangling Higgs nature.
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Outlook

Summary

® Higgs:
o A—framework: well aligned with experimental measurements.
o EFT: Kinematic distributions included, key feature.
® Gauge-Higgs:
o Combination of LHC Run | EW pair production: improves LEP TGV bounds.

o (De)correlations Higgs—TGV — dinsentangling Higgs nature.

Thank you!
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Outlook

mye from off—shell measurements

+Ae/
148/ %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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Outlook

mye from off—shell measurements

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

1

101

[ pp-2z
[ Events/bin

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

® Her

300 400 500 600 700 800
m, [GeV]

e we can use ATLAS and CMS

® Bins directly into the analysis
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Outlook

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

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

[ pp-2z
[ Events/bin

1

B B I i e e
—qq-ZZ 1
99-2Z 1
(BgD)=(1,-1) 7
(Bg)=(0,-2) |
—— data

300 400 500 600

® Here we can use ATLAS and CMS

700 800

my, [GeV]

® Bins directly into the analysis
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Outlook
['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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Outlook
['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.

® Here including effective operators (and oL 68% CL]
not only the gluon fusion top-loop induced [ M ]
production). oL— L ]
0 10 20 30
rrM

L=CLoy+ Ay gmwHWHW, + Ag %mzH zhz, - 3 Ay —H (FrfL +he)

T,b,t

H nv H % P
+AgFg — GuuG"" + A Fy — Ay, AMY +invisible decays + unobservable decays .
v v
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Outlook

EFT from Effective?

f/A AN 1/A AN
oYy TeV] [Tey:? frevi
1 0.25
10 1 | 0.3 10 0.3
0 * 1d 1 & 1 o105 s
Iy I % | | | | 05
o 1 03 0 w
0.25
-20 5 ] T 05
@ LHC-Higgs, 95% CL 0.2 10
80 @ LHC-Higgs + LHC-TGV + LEP-TGV, 95% CL| 0.3
-40 15
.:-‘?iller 0.15 0.25
-50 -20
o Qg 9 9 Qg o 9 o o o
% % BT R %, 2 2 9

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, Brehmer et al 1510.03443 and

1607.08251, Contino et al 1604.06444 etc
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Outlook

EFT from Effective?

f/A AN 1/A AN
oYy TeV] [Tey:? frevi
1 0.25
10 1 | 0.3 10 0.3
0 * 1d 1 & 1 o105 s
Iy I % | | | | 05
o 1 03 0 w
0.25
-20 5 ] T 05
@ LHC-Higgs, 95% CL 0.2 10
80 @ LHC-Higgs + LHC-TGV + LEP-TGV, 95% CL| 0.3
-40 15
.f‘?mer 0.15 0.25
-50 -20
o Qg 9 9 Qg o 9 o o o
% % BT R %, 2 2 9

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, Brehmer et al 1510.03443 and
1607.08251, Contino et al 1604.06444 etc

® 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, my g, pr,j, A®;; etc

Interesting questions arise about how to perform the matching.

Juan Gonzélez Fraile (Heidelberg) Higgs Days at Santander September 2016 28/24



	Gauge-Higgs couplings at the LHC
	Analysis Framework
	The –framework
	Effective Lagrangian Approach
	Effective Lagrangian for Higgs Interactions
	Combination of LHC Run I TGV data
	Disentangling a dynamical Higgs
	Outlook

