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What if new physics is just beyond
LHC reach ?

m Naturalness does not give a strict upper bound on new physics.
A factor of few larger masses can lead to an exponential drop in
parton luminosities.

m New physics might just be beyond LHC reach. When integrated
out this would still lead to indirect effects such as deviations in
couplings involving the Higgs and gauge boson.

m Eg.:The S5,T parameters at LEP constrain certain kinds of new
Physics to scales higher than a few TeV. Much higher than LEP
energies.

m In any case now that we have seen the Higgs we must measure
its properties as precisely as possible.



SM as an EFT

m The absence at the LHC of new states beyond the SM (BSM)
suggests that the new-physics scale must be heavier than the
electroweak (EW) scale and we can write:
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Part I: BSM Primary effects and
Predictions from the dimension 6
Lagrangian.

RSG A. Pomarol and F. Riva (arxiv: 1405.0181)
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Variety of Pseudo-observables !

B+ T AGAM | RALIP WG, GH
hWHWo, hff, B3

hZ, fr.rY" fL.r

ZfLrY" fir Wthary,dr
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Any vertex of SM fields in the EW broken phase in the unitary gauge
can be thought of as a pseudo-observable



Any vertex of SM fields in the EW broken phase in the unitary gauge
can be thought of as a pseudo-observable
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Variety of Pseudo-observables !

(1) Higgs observables:
hW’;{;} W—[JV ll -4;( v 44“1/ . ]24_1# v Z’J v ]-lG[_l v GIJ Y hgff hZ’_“/ Z[ll/

hWHW -, hff, h? hZ,fr.rv" fLr

These contain the physical Higgs constrained for the first time at
LHC in Higgs Production/decay

(2) Electorweak precision observables:

_ | p—
Zqu.R’}'“fL.R W “UL’deL
These were measured very precisely at the W/Z-pole in W/Z decays.

(2) Triple and Quartic Gauge couplings:
ooy 20 (WH Wy — W) ZZWW
A WH*W™W, W,
K~ Sg,, A*Y W,j” W,\ L
AySow AW PW These were measured in
ee->WW process at LEP.
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Organizing principle: Effective Field Theory

(EFT)

m All these deformations cannot be independent at dimension
6 level. Only 18 independent operators that are involved in

On = %(5“@2)'2 i Opp = ¢°|H[*B,, B"
Or=3 (H"D,,H)~ Oce = g2|H|2GA GAw
O = A|H|° Onw = ig(D*H)lo®(D* H)W?,
Ow =% (Hio"D"H ) D*W, Oyp = ig(D*H)'(D"H)B,,
Op =14 (HfD“H) 0”B,, Osy = S gearWEYWLE Werk
O,. = yu|H|?QrHug O,, = va| H? QL Hdx O,. = ye|H|*LpHex
O — (iH' D, H)(@r*ur) O — (iH' D, H)(dgy*dr) |0% = (iH! D, H)(erv er)
0% — (iH' D, H)(Q17" Q1)

0" = (iH'0* D, H)(Qro"v* QL)
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More observables than operators !

When expanded one operator gives rise TGCs
to many T
deformations/vertices/observables. r A \

T

(H'o®H)W2,BW ——> I’ [W,;"*u B* + 2igeq, Wy Wi (AMY —tq,, Z‘”’)]

h=v+h
¥
Hi
- 1 Operator but 7 observables

!

S-parameter



unitary gauge we get many
vertices (observables)

2 4 2
Lhzf{c—”(uﬁ) O"hO,h — cgmt (vh3+£+ )+cy—ff(h+%+ )
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When Lagrangian written in |I
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(471')0 A w WtyZ [1iz
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—— " E,, + —-G%" G 71

47rgp # 47rgp ] } (71)

From Giudice, Grojean, Pomarol and Rattazzi
(arxiv: hep-ph/0703164)
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When Lagrangian written in

unitary gauge we get many
vertices (observables)

h\? ! 3h1 _ 3h?
chzg{%’(uz) é)#hah—qﬂ,g’;~ (lhf* 5 +...)+Cy%ff(h+%+...)

h Ua Datiin 2 -2 2 o naPail D
v . . . W

7 No of free parameters in this part of the Lagrangian
(47T )? = No of Wilson coefficients=18

ag C’T Fle;w asyt Cg chu/Ga J } (71)
47rgp 47 g2

From Giudice, Grojean, Pomarol and Rattazzi
(arxiv: hep-ph/0703164)



18 EW and Higgs Operators

18 Operators

Ou = 4| HPP
Or =4 (H'DH)
O = A HI®

Opw =

Ow =% (Hlo*D*H ) D'W,
Op =% (HID*H) "B,

Ogp = ¢?|H|*B,, B*™

Ogc = 9§|H|2G,’}VGAW

ig(D*H)to*(D* H)WS,
up =ig (D*H)'(D"H)B,,

Ouw = LgeaeWarWe Wweom

0,. = yu|H|*QrHug

Oy, = va|H’QLHdg

(9!1,e = y,:|H|2LLH€R

O3 = (iH' D, H)(ury*ur)
0! — iH'D, H)(Q QL)
0¥ _ (ifrto D H)(Qro" Q1)

0% = (iH' D, H)(dry"dr)

05 = (iH' D, H)(ery"er)

|

Many Vertices/pseudo-observables

hAw A", hALZM hG,,G* RS b
W=, hff, b

W

Vi

hZ,frry fup

7+ 1/ -
WW

WﬂﬂL’yudL

Zu f LR fLR

ey 7P (W“W,;V _ W-VW;V)
Ry Sbyy AWWJ Wu_
M AP 91T

Number of contributing operators << Number of vertices/pseudo-observables
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18 EW and Higgs Operators |I

18 Operators Many Vertices/pseudo-observables

On = (1) At any given order
Z:igﬁw“}{) Number of cgntributing operators

Ow =3 (Ho D H) << Number of vertices/pseudo-observables
On = % (H1D-1) 0f l WHtay,dy

0,. = yu|H|*QrHug

Correlations between different vertices/observables

O = (iH' D, H) (ary*ur)

o
0} = (iH'D,H)(Quy"Q) )
0P = (iH'0* D, H)(QLo™ Q1) V

Auy A _p A +
Moy AW



BSM Primaries

m 18 best constrained observables become these 18 free parameters.

m We call these BSM Primaries. (see also Pomarol & Riva, 2013,
Elias-Miro, Espinosa, Masso & Pomarol, 2013)

Only at LHC
liggs (B h— vy, h—=7Z, h— gg hA, AP, hA, 7 hG,, G
T h—VV,h— ff,pp = h* — hh hWHW,, hff, b®

Z—ff Zufr,r* fLr
(2 can be traded for S,T" )

-pole (
Data

TGC (3) ee — WW 7y, 2" (w+'jwu; _ W-"W;,)
Ky Soy AW IW,S
Already at LEP AySow AW PW

m A generalization of the Peskin-Takeuchi parameters.
RSG, A. Pomarol and F. Riva (arxiv: 1405.0181)
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Primary and Correlated observables

h -‘4‘“/ AW R ‘;1‘[1 . A CT"u v GHY
le'ﬂ‘U'ﬂ_. hf_'f. h3
R ff hZ, Z"

hZ,fLey"for B4
W_Hl’l_l,L")’#dL
ZhZWI W

RPff WHWww, W}

3 P
Zu f L,R") f L.E  Deformations correlated
at dim-6 level

g7 co,,, ZH (W"L” VAV‘;, — W‘”Wl];)

. W WL
Ry SOy, A“VW; Wu_
ALV T —PIA +
Ay Sy AW PW T
18 Primary Correlated

Deformations/Observables Deformations/Observables



I Higgs Primaries (8) EWPT Primaries(7)

h h? 3 B2
AE’(‘;G = Tele (; + ﬁ) G;f,,GA pv ALY, = ang?Z;‘e RVueR

W21, Con )
+ ageZLv_g lZ“f’L”/‘y@L — \/‘;_ (W v e +hee.)

AE?f = 59’:f(hf-LfR + hf)(l + i}\—h + nhzo\l _her - 1

ALsp

The electroweak/Higgs part of the dimension 6 Lagrangian
can be written in entirely in terms of these 18 already
observables (instead of unknown Wilson Coefficients)

18 Primary vertices,
Coefficient of other vertices already determined by these
18.

- - AVERSES 7 [zen‘\Am, =Ty Ly )WV "W

h h h? v 7.2 2
ALY, = dkzy (= + o ) [tow AunZ (h2 —1?)
2

v 22 + Z, 8uh?(to,, AP — 13 ZMY) +
Co0y
L 20w 7 Wi, W—w] . X (tow Zyy AMY + 20w Ly ZH + W:VW'_‘“’)]

3 “pv 2¢2
2¢cp - Deer

A
ALy, = 7’71%: [(eA™ + geay, ZM YW, PW ]




oS Higgs Primaries (8)
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EWPT Primaries(7)

h2
ALY, = 59eR 2Z ERVuER

A

h? _ -
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TGC Primaries (3)

Z 9 h2 2h2
ALz = 097 ¢y —5 2 | 22 —Z"Z,
w

—g(W;J* 4+ h.c.) — "23"“’ Z,JE — 2eto,, Z#ng}
Ow
6'{"1 h2 W+pw—u
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2
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BSM Primaries

m 18 observables best constrain all Higgs and EW deformations.

m We call these BSM Primaries. (see also Pomarol & Riva, 2013,
Elias-Miro, Espinosa, Masso & Pomarol, 2013)

Only at LHC
liggs (B h— vy, h—=7Z, h— gg hA, AP, hA, 7 hG,, G
T h—VV,h— ff,pp = h* — hh hWHW,, hff, b®

Z—ff Zufr,r* fLr
(2 can be traded for S,T" )

-pole (
Data

TGC (3) ee — WW 7y, 2" (w+'jwu; _ W-"W;,)
Ky Soy AW IW,S
Already at LEP AySow AW PW

m A generalization of the Peskin-Takeuchi parameters.
RSG, A. Pomarol and F. Riva (arxiv: 1405.0181)



universal gauge-couplings .
’ RN . ~
(8:88:)

N
s
S ~
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~

Input: mw, mz, Gem, s "N



Z—pole Primaries + TGC

54

Vertices: Zqu R’Y#fL R zZ“(W*”W
gz
universal gauge-couplings
’
(8,88:)

Input: my, mz, Qem, Qs

— -
———
e

-

—hc

per-mile splittings

6gZuR
Ogzdr
OgzuL
OgzdL

6gZeR
6g2e|.

6ngL



Z—pole Primaries + TGC

\ L
54

Vertices: Z.. fr ot fr . iZB(W YW . — h. r\

plittings

Very precisely measured at LE.'P L 6gZuR

2. W couplings not primaries. Totally determined ™= 6gZdR

1 once Z couplings are measured. — SgZuL

. = Ogzdl
univers 3. S,T parameters are two oblique linear combinations

of these. - 6gZeR

— agZeL

4. All corrections to the gauge propagators can be
written in terms of the above vertex corrections = 6ngL
using EoM.

Input: m
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Other TGC primaries

m 2 more TGC vertices are primaries:
’ + —
oK’ W“ W, A"

Qv —PYAT+
Ao, AP W, PW,

m Measured at per cent level in ee->WW process at LEP.
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The Dimension 6 Lagrangian |I

A

D]

ALwsy = cvg W (W?+Z%/2¢,,) + ceh® + % [eww W, W*® + cppg” B, B
+ ¢y yr(hfrfr+ h.c), T h=v+h
|HP G, G
|H B, B*
e, sou (). g5(h), Mn(h), Zu(h)
HIHOsy, >‘ | H | WWW-‘ > v, (h
8 operators ’ HI*|D,H Redefining 8
parameters

e

‘|H|2 foH fr+he

—
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The Dimension 6 Lagrangian |I

A

D]

N . £
ALlpsy = cyg h'(W?+ Z%/2c,,,) + ceh® + A2 [eww W, W*® + cppg” B, B

+ Cyfyf(ﬁf*foR-i-h.c), T h=v+h

These operators could never have been probed at
LEP as they only redefine parameters in dim-4

Lagrangian in the vacuum. An(h), Zn(h)
8 operators UH *[D,H[* Redefining 8
parameters

e

‘|H|2 foH fr+he

—
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The Dimension 6 Lagrangian |I

A

D]

ALwsy = cvg W (W?+Z%/2¢,,) + ceh® + % [eww W, W*® + cppg” B, B
+ ¢y yr(hfrfr+ h.c), T h=v+h
|HP G, G
|H B, B*
e, sou (). g5(h), Mn(h), Zu(h)
HIHOsy, >‘ | H | WWW-‘ > v, (h
8 operators ’ HI*|D,H Redefining 8
parameters

e

‘|H|2 foH fr+he

—




1 Z couplings + 3 TGCs + 8 Higgs
observables=18 Primaries
Measurement of these would determine
all vertices involved in
electroweak/Higgs processes

Amplitudes for all physical processes,
eqg. h->Vff, pp->Vh,VV->h etc can be
computed as a function of the BSM
primary parameters using the above
Lagrangian.




oS Higgs Primaries (8)
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EWPT Primaries(7)

h2
ALY, = 59eR 2Z ERVuER

A

h? _ -
+ ‘sgezLﬁ [Z“EL%‘GL - Tg(W+#VL7#eL + h.c.)]

A

h? - B
+ 595L§ [Z“VL’YFVL + COT‘;(W+“VL’)’#8L + h.c.)]

A

h? j2
A‘Cv = 6guR 2Z UR’)’,"U,R + 6ng 2Z' dR’Yde
72
+ ‘Sgth_Q [Z#JL7de - —W(W+#ﬁL’}’#dL + hC)]
v V2
7,2

h
+ 6gva—2 [Z"ﬂL’YpUL + —(Wﬂ‘uL'y,‘dL + h.c.)

7

TGC Primaries (3)

Z 9 h2 2h2
ALz = 097 ¢y —5 2 | 22 —Z"Z,
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—g(W;J* 4+ h.c.) — "23"“’ Z,JE — 2eto,, Z#ng}
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+ . . .
Dimension 6 lagrangian

m So we have finally constructed the dim-6 lagrangian in a
bottom up way (not starting from operators but from
measurable deformations):

ALgsm = ALy, + ALy + ALl G+ ALY+ ALy + ALYy, + AL, + AL,
+tAZg + AL +AD), +A L6+ ALy + ALy +ALepy



+ . . .
Dimension 6 lagrangian

m So we have finally constructed the dim-6 lagrangian in a
bottom up way (not starting from operators but from
measurable deformations):

ALosm = ALy + ALy +ALE+ ALY+ ALy + ALY +AL) + AL,
—I—A_E,”g% +A%, -I—A.?ly @f +A$I\‘/1FV +AZcpy .

Rest of the 41 operators
not considered here



Most General interactions of a scalar h.

==
Predictions for Higgs Physics ‘

rimar — 1
L = gl b |WHEW + ——ZZ, | + gsn b + g} (hfLfr+ h.c.)

h h
+ vaG GA“VGA + Koy —A VA,W + hzfyt()w—A VZIW ,

22

Sgky = 897 e? — Sk
977 91 ’ycgw 3 v
€5g -
9255 = 2075 — 2001 (97 can + €Qpsamy) + 205,V — . gy = 2007 — 209795 cjy,
Ow
1
KzzZ = F(é'{"/ + KZyC20y T+ QHWCgW) : KWW = 0Ky + KZn + 2Ky,
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Example: h ->Z1f

123 .
LT USRI PSS PRRTN Already constrained !
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If these predictions are not confirmed, one
of our assumptions must have been wrong:

(1)h not part of a doublet.

(2) Scale of new physics not very high and
dimension 8 operators cannot be ignored




Other Predictions (not involving
Higgs)

m W couplings determined once Z couplings are measured

m Quartic Gauge Couplings (QGCs) determined once



This approach has gained
some acceptance. The LHC
Higgs cross-section
working group has now
adopted an EFT
parametrisation based on
this work.

arXiv:1610.07922v2 [hep-ph] 15 May 2017

CERN Yellow Reports: Monographs CERN-2017-002-M
Volume 272017

Handbook of LHC Higgs cross sections:
4. Deciphering the nature of the Higgs sector

Report of the LHC Higgs Cross Section Working Group

Editors: D. de Florian
C. Grojean
F. Maltoni
C. Mariotti
A. Nikitenko
M. Pieri
P. Savard
M. Schumacher
R. Tanaka

\g:ﬂ l‘
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Inside the report: |I

equivalent parameterization of the EFT with D=6 operators. The idea, put forward in Ref. [632], is to
parameterize the space of D=6 operators using a subset of couplings in a mass eigenstate Lagrangian,

such as the one defined in Eq. (I1.2.7) of Section. II.2.1.c. The parameterization described in this section,
which differs slightly from that in Ref. [632], is referred to as the Higgs basis."*

Independent couplings

We now describe the choice of independent couplings which defines the Higgs basis.

Dependent couplings

The number of parameters characterizing departure from the SM Lagrangian in Eq. (I1.2.7) is larger than
the number of Wilson coefficients in a basis of D=6 operators. Due to this fact, there must be relations
among these parameters. Working in the Higgs basis, some of the parameters in the mass eigenstate
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II. Diboson production at LHC

Banerjee, Englert, RSG, McCullough and Spannowsky
(work in progress)



Diboson production at LHC

Four channels:

m ZH

m WH

m WW

m WZ
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VH production at LHC

m The following vertices in the unitary
gauge contribute:

W/Z
ALy D N 097 Z,fA"f + dgl(Wyiayy dy + h.c.) .
f q < H
1 YAIA
+ gx'?vth+"W;+22 VAP —I—(Sggzh22“ q W/Z
“ow Cow W/Z
h h h + "
T Zngf—Z#f'Y f+gWud;(W#uL'7 dr + h.c.) . S
f q N H
" h h q W/Z

+ KZ'}';A#VZ;W + Kww ZW“VW,‘_V + Kzz %Z#VZ;HJ -

Q|
/
n
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VH production at LHC

m The following vertices in the unitary
gauge contribute:

W/Z
ALs D Y 097 Z, A f+ Sgu(Wyrarytdy, + h.c.)
f q
1 VAN
+ g"}V h [W-*-#W#_ + 9 D) Z#Z#] +6ggzh 9 5 = q
Cow Cow W/Z
f q
ey N W+ hgy 27, @
+ KZ’}'; w T BWwW o uw T KZZ % R

M(ff = Zrh) =

M(ff— ZrLh) =

N H

W/Z

N~ H

W/Z



+
VH production at LHC

m The following vertices in the unitary

‘
auge contribute:
gaug W/Z

W/Z
ALs D Y 097 Z, A f+ Sgu(Wyrarytdy, + h.c.) .

f q N H
" r 1 1 717

+ _ W/Z

vy But all these vertices already correlated to LEP ﬁﬁ
measurements, thus already constrained ! Can LHC

u <Z do better ?.. give us new information ? N .
I May be !

+ Kzy

M(ff — Zrh) =

M(ff — Zrh) =




process. For eg. At high energies:

= . 42
VH production at LHC
m These vertices can be thus measured in this
W/Z

€ - Jy 2m?> g%ff S Wiz
M(ff — Zrh) = 9,? Z 11+ —7 — Kzz 3 N
v S g7 2my | N
N q N~ H
q-JmeZ 975 S
M —~ Zih) = 4% 14+ ——1.
(ff Lh) Iy s [ i g7 2mj q W/Z
W/Z
q N H
q W/Z

m LEP constraint at 0.001-0.01 level. LHC
needs to measure it only at 10 % level N
because of energy enhancement

Q|
/
n



process. For eg. At high energies:

+ . 43
VH production at LHC
m These vertices can be thus measured in this
W/Z

e* - Jr 2m?2 gh S Wiz
M(ff = Zrh) = g¢f—L—2 [1+(%—nzz) ] .
v S g7 2my | N
q N H
Zih
M(ff— Zph) ] : . -
Z Z( Z v Sw Wiz
@: 2097 — 2697 (97 capy + eQS29,, ) + 20k~ g Y02 .
(7} N
v q N H
q W/Z

m LEP constraint at 0.001-0.01 level. LHC
needs to measure it only at 10 % level N
because of energy enhancement

Q|
/
n



process. For eg. At high energies:

= . 44
VH production at LHC
m These vertices can be thus measured in this
W/Z

q
. Jr 2m2 g% 3 Wiz
€ - m S
e R O
Z | _ N
d q N H
M(ff — Zih) ] : . Wiz
h Z Z( Z v Sw Wiz
9zs;; = 2097 — 2097 (g5 Copy + €QS29y, ) + 20K,9 Y02
(7} h N
v q N H
q W/Z

m LEP constraint atQ.001-0.0Dlevel.

Q|
/
n



process. For eg. At high energies:

o= . 45
VH production at LHC
m These vertices can be thus measured in this
W/Z

. Jr 2m2 g% : Wiz
€ - m S
M(ff = Zrh) = ¢¢—L=2 [1+(%—nzz) ] .
v S g7 2my | N
q N~ H
Zrh
M(ff — Zrh) ¢ W/Z
@ W/Z
q RN H
q W/Z

Q|
/
n



m These vertices can be thus measured in this

process. For eg. At high energies:
. ] om? o W/Z
€ - m
g _ N
q \ H

==
VH production at LHC g,..c; of 100 "

M(ff—)ZTh) = gf

Zrh) =
M(ff—ZL ) 95 . . WiZ
h Z Z(.Z Wiz
9z = 25gf - 2591 (gf Cogy, T+ €Q320W) .
w q N < H
q W/Z
m LEP constraint at Q&
sensitive a 2’LHC needs to measure this _ S
q < H

process a @ level because of energy
enhancement



== 47
VH production at LHC ‘l

W/Z
g “\H
m Can a 10% accuracy be achieved in high Wiz
energy bins for this process ? ! W/Z
m Use of subjet techniques for boosted h->bb N
likely required. : o
q W/Z
Banerjee, Englert, RSG, McCullough and Spannowsky q N H

(work in progress)



Four channels:

Diboson production at LHC |'

m ZH—G%H

m WH—G'H

m WNVF—G* G

m WZ—G*GO

m These different final states are
connected by more than nomenclature.

m At high energies longitudinal W/Z
production dominates.

m Using goldstone boson equivalence
theorem one can compute amplitudes
for various components of Higgs
doublet in the unbroken phase.

m Full SU(2) symmetry manifest

Franceschini, Panico,Pomarol, Riva & Wulzer
arxiv:712.01310



Four channels:

Diboson production at LHC |'

m ZH—G%H

n WH—G*H  @w— Wi,

s WW—G* G dude > Wi,

| WZ _’G+GO fRfR - W, W, ZLh

2
ardr, - Wiz, Wirh V2a \/575—2 [coy, (6922 — 6971)/9 — ¢5,,097 ]
(1%
(1) (3) 29 2 ur 57 Z
. + ag ——|\Y1t; O0ky +T,%097 + ¢y, 0
drdy — Zih %V [ Llgy, 0Ky z 091 w gdL/g]
1 G 292 d, s Z z
_ Qg " —Qq 2 [YLta O0ky + T, 697 + coy, 09,1/ 9]
urur — ZLh w
2 2 f
ay mw [antowé’gv +T R‘Sgl + Cﬂw‘sgfn/g]

V and V'V processes
amplitude connected b
symmetry. They constrai
the same set of

observables at high

Franceschini, Panico,Pomarol, Riva & Wulzer

arxiv:712.01310
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Four channels:
m ZH—GOH
m WH—G™H

m WAWF—G* G-

m WZ—G*GO

V and V'V processes
amplitude connected b
symmetry. They constrai
the same set of

observables at high

Diboson production at LHC Iq

8k, — S

\ 2 300/b syst=10%

0.05
0.00

-0.05

-0.10

Franceschini, Panico,Pomarol, Riva & Wulzer
arxiv:712.01310
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Diboson production at LHC

Four channels: . ' — H

0.10 \ :’ 3/ab syst=5% - 4
I Y ? 300/ syst=1 9{
\ ! ,/
m ZH—G°H
" 0.05

m WH—G™H -
» WW—G* G- N

. 0.0

5
m WZ—G*G°

-0.05

Our study pp-> ZH(bb) constrains a
complementary direction in the
same plane.

-0.10

Franceschini, Panico,Pomarol, Riva & Wulzer
arxiv:712.01310



Part II: RG-induced constraints

RSG ]J. Elias-Miro, C. Grojean, D Marzocca (arxiv: 1312.2928)



+ RG-induced Constraints
(diphoton example)
BSM matching scale A

c1 (A),c2 (N),...ci(N) —_— Theoretically important;

To constrain these need to
know RG running.

RG running and mixing
for eg. take the diphoton operator:

1 3, . 2a A
E-(mp) = &4(A) — 1672 [(zq‘ - 2)\) Cry + 3g‘c,1-.] log (E) < Chm

Directly constrained by
c1 (mw),c2 (mw),...Ci (maf)/ experiments

Experimental Observable scale mu ~ mw
Jenkins, Grojean, Manohar, Trott (2013)

Elias-Miro, Espinosa, Masso, Pomarol (2013)



m But aren’t these effects one loop suppressed and
thus unimportant ?



+ RG-induced Constraints
(diphoton example)

1 3

Ery(my) = é4(A) — 1672 [(2q - ZA) Eury + 397 ch‘ log

One loop suppression

Assuming no tuning/correlation
between the RHS contributions
we derive RG-induced bounds:

' ] . l
167 3
2 < App—OF ~22) e
‘C 'I\ 1110;{(\ "lh/ (Zq ) .("'

< Choy

m,; \

Coanstrained per mille level

Constrained only at 10 % level thus
allowed to be much larger than
bound on hyy. This and the log

enhancement can compensate for
the loop fact*.

1
3¢°

1672
log (A/m4)

I(-_‘,\,._ < AFT

Chna




+
A Hierarchy of Constraints

h S -
095y 093n gy, } 1)
" RG-flow ?
Z percent level
8g% Sk, Ay
RG-flow ?
v o
Ryy  Kea
s Z s Z s Z
09.p 99.1 99,7 - permille level
- S 2 S 2 S 2
09, 99ar 99.r %9aL

These parameters can be identified with the Wilson coefficients of dim-6
operators ci (mw). (Pomarol & Riva 2013)
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Anomalous Dimensional Matrix
Elias-Miro, Grojean, Gupta and Marzocca (1312.2928)

cs ér Cy cw Cyy

Yo 197 4-6y? 4 597 (147-106%7 ) & (T74°+58¢7) 1662

Vor| 997243 A FPH12Y7+12) 392 +12tF (g% +)) 347 0

Yoy 39”7 0 94472 0 0

Yerw 0 0 53 g2 (1 -3t3,) g2+ Ry 0

Ve 0 0 0 0 —39%— 39 +6y2+12)

Yo [189"%—t3 (997 +24)) —9g%+3g%+12) 13 (L4Lg?+12)) Lg%+ g2 172 0

e,z 0 0 0 0 0

Yerz 0 0 0 ~16¢*

Yoy —6—;% %% 87%(10&5", ~29) ——(799°+58¢") 0

Yorn 0 0 0 0 0

e &z Cry ez e

Ve —59" 4(g°—9") —29°— 59" —4A oy 99" 397) —2¢7
Yép 3q? 0 ~9g'%—24t3 X 24s5 A 0
VYey 0 0 —%dz %ez 0
Yow 0 0 0 —3¢3.,9° 0
e 0 0 3922\ 0 3g*
Yeul 3 9% — 397 +12y7 +24) 0 99%(2—1t5 )—24t5 N 9(g%s; —g°ci )—24\(6c; —s5 ) 0
e, 0 TP -39 +6y2+12)\ (297 —2))— s (92 —2)\) 0 “’272(11020",—8&4,
Ve 0 4(9*~9") N2y 92 4 6y2+4) 0 29°
(Vég ﬁf%; 0 6c0jv 1_2792_ '1%2 +6y7 0
Ve 0 0 0 0 2g?




Anomalous Dimensional Matrix

A A A A A A A A A A\t
(ch Cr,Cy s Cw s Cyy s Cy 2z Crrys Cgz s CAys CH) (mt) i

( 09 0003 —0.03
0.03 08  —0.02
0.001 0 0.9

0 0  —0.001
| o 0 0
1 0 0 0
0 0 0
0.0004 —0.0007 —0.0004
0 0 0
\-0.02 003 0.1

—0.08 —-0.02 -0.02 -0.04 005 -0.01 0.001\
—-0.009 0O 0 —-0.03 0.01 0 —0.003
0 0 0 -0.001 0.001 0 0
0.8 0 0 0 —-0.003 0 0
0 0.9 0 0.006 0 0.02 0
0 0 0.9 0.007 0 0.03 0
0 -002-002 09 0 -0.01 0
0.1 0 0 -0.0004 09 0 —-0.0007
0 0 0 0 0 0.9 0
-0.4 0 0 002 -03 0 0.8 )

(4

fes(8)
ér(A)
éy(A)
éw (A)
e (A)
ez (A)
Eny(A)
&9z (A)
é/\'y (A)
i ()

*We focus on the part of the matrix, where weakly bound couplings
contribute to strongly bound couplings.
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Numerical Results

Coupling | Direct Constraint | RG-induced Constraint
és(me) [—1,2] x 1073 [31] -
ér(me) [—1,2] x 1073 [31] -
¢y (me) [—3,3] x 1073 [22] -
ew(my) [—2,2] x 1073 [22] -
Cyy(me) | [-1,2] x 1072 [18] -
éyz(me) | [-0.6,1] x 1072 [18] [—2,6] x 1072
éy(me) | |[—10,7] x 1072 [27] [—5,2] x 1072
oz (M) [—4,2] x 1072 [27] [—3,1] x 1072
Ery () [—6,2] x 1072 [27] [—2,8] x 1072
er(my) [—6, 5] x 107! [32] [—2,0.5] x 107!

m We assume that there is no tuning so that each RG-induced term in the
RGE is smaller than the bound. This gives us new RG-induced
constraints.

m We get bounds on some TGC and on Cr mainly from their RG-induced
contribution to {S,T,W,Y} that are stronger than the direct bounds.
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Numerical Results

Coupling | Direct Constraint | RG-induced Constraint
és(my) [—1,2] x 1073 [31] -
ér(me) [—1,2] x 1073 [31] -
¢y (me) [—3,3] x 1073 [22] -
ew(my) [—2,2] x 1073 [22] -
Cyy(me) | [-1,2] x 1072 [18] -
éyz(me) | [-0.6,1] x 1072 [18] [—2,6] x 1072
éy(me) | |[—10,7] x 1072 [27] [—5,2] x 1072
oz (M) [—4,2] x 1072 [27] [—3,1] x 1072
oy (Tt | | [—6 2] x 10-2 [27] [—2,8] x 1072
Crr(my) [—6, 5] x 107! [32] [—2,0.5] x 107!

m We assume that there is no tuning so that each RG-induced term in the
RGE is smaller than the bound. This gives us new RG-induced

constraints.

m We get bounds on some TGC and on Cr mainly from their RG-induced
contribution to {S,T,W,Y} that are stronger than the direct bounds.



Part IV: Explicit Models

m We consider expectations for BSM primary effects in two
models:

(1) Composite Models

Giudice,Grojean, Pomarol and Rattazzi (2007)

(2)Integrating out Higgses in SUSY Models

Gupta, Montull, Riva (2012)



==
Composite Models

m Strongly Interacting Light Higgs (SILH) Lagrangian:

Lonn = ——0" (H'H) 8, (H'H) + — (H*ﬁH) (HT‘E’”H)

22 272
‘}*? (H'H) + (“’*}%"H*HfLHthc)
+z§f,;2 (H* ‘D"H) (D W) + 22 (H*D“H) (0" Bu)
p

+;g”’“} (D*H)lo' (D" H)W?, + ;2”39 (D*H)'(D"H)B,,

C"Yg g 1 ;u/ ngS yt i a am/
+gnp gt HBwB" + {5y s H'HG,,C

(assumes Higgs is a pseudo Nambu Goldstone Boson of a strong
sector)

Giudice,Grojean, Pomarol and Rattazzi
(2007)



==
Composite Models

59?f d93n ]' 1)

K 1
Z percent level A2

0g% Sk~ A
1 v Strong RG-induced gz

constraint from S, T 1672 A2

Ryy  KGae ]
Z 5. Z s .Z
9er 99cL 99, - permille level 9
sz s Z s Z _9sm _
0g%2, 99ap 99.1 %Yar 1672 A2

S |T




==
Composite Models

5g?f JIEYN ]' (1)

K =
Z; percent level A2
93 Strong RG-induced
constraint from S, T
] 9z
Z S 2 S 2
9er 99:1 99,7 - permille level
2
- S 2 P/ P/
ogfn Ong oguL OgdL 169;1‘9—2MA2

S||T




==
Composite Models

1
percent level A2
Strong RG-induced
constraint from S, T
i 9z
Kvy KGG 1672 A2
VA S 2 S 2
9er 99:1 99,7 - permille level
2
z_  5g%, 697, dg% IsM
g%, 993r 99,1 994L T6-2 A2

S||T




==
Composite Models

5g?f JIEYN ]' (1)

Left- ri{s)ymmetry E

1
percent level A2
Strong RG-induced
constraint from S, T
i 9z
VA S 2 S 2
9er 99:1 99,7 - permille level
2
- Z  S5aZ. SaZ. 6aZ 9sm
095 n 09in 99,1 °94L T6 2 A2

3| 17

1 Custodial symmetry



Integrating out heavy Higgses in
SUSY

m Supersymmetric models (2ZHDMS )

m NMSSM




==
Integrating out heavy Higgses in

SUSY

. h
2HDM: 59" . 5g3h]_ o)

697 Sk A,

Ryy  Kga

VA S 2 S 2
09.r 091 09,1, - permille level

i c Z 5 Z  §5oZ
6gZ, 993r 99.1 %9a4L



==
Integrating out heavy Higgses in

SUSY

; h
NMSSM: [0, dgan | (1)
K S L h
Z~ | 0Gyy percent level
5912 0K~y Ay

Ryy  KgGae

VA S 2 S 2
09.r 091 09,1, - permille level

) sz s Z 5 Z
6gZ2, 99am 99.1 %9ar



+Understanding SUSY Higgs
coupling deviations

m Write potential in terms of h and H, where:

_s gets full VEV

h] = cosﬁ@+sin5H
h) = sinBh — cos BH

m H and h almost mass eigenstates if @,ﬁ /m%, <<l

m h has exactly SM couplings as it givgs mass to all the
particles.

\4
quartics

Gupta, Montull, Riva (2012)



SUSY modifications to raise the Higgs mass would
necessarily change Higgs couplings in a correlated
way!



+Understanding SUSY Higgs
coupling deviations

* As quartics are turned on the lightest mass
eigenstate is no longer h and the misalignment
causes deviations from SM couplings:

Gah* +(Oh°H + 8,82 H? + 63hH + 6,H*
changes Higgs couplings wrt SM

by inducing mixing term: hH
and causing misalignment of
raises Higgs mass\ {h,H} with the mass eigenstate

basis
A
Am2 — m%? _ m3 (cos25)? ,:;




+Understanding SUSY Higgs
coupling deviations

m Integrate out H to obtain:

(h) (h) .2
/ cpr 1 —4tan 6=
? mH
é 2
h___-_ Ct N1+4cot.56—-5—”
cv =1 — (52—)
Sh*H my
AV A 5
MSSM T (|HY? - | HEP)® (- 3)?  méssca(c] — 83)
Stops (no mixing) §|Ha|* = R log[m, m;, [M?)| Ha|* 55 —457cs
D-term extension K HY? - |II§'|2)2 l%i;'(ri ~ 55)° ;%%sjc,e(cf, ~ 87) 'm,2z/v2 — 4K
NMSSM 22 HYHY? A sin” 23 -2 gin 45




10
G

MSSM NMSSM D-terms
(6<0) (6>0) (6<0)

m All qualitative features of the above plots can be understood

using our expansion. Quantitatively it is approximate but works
well if ma>350 GeV.
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Exclusions
CMS H->tt -
\\ :
10 -Exclu EEF
8t I Excluded;
P !
= |
|
I_ o

Higgs coupling data Dashed: Barbieri et al
more competitive than (2012)
direct searches in with more recent data

low tan  region Solid lines: our bounds



Summary |

m We present an efficient choice of independent primary BSM
deformations. All other deformations are generated in a correla
way and we derive these correlations.

tel

m Using this approach we study the diboson process at high energies at
LHC and show how it can beat LEP bounds

m We find that RG-induced constraints on the hVV and TGC primaries
due to mixing with the Hyy and S-parameter primary directions can be
stronger to (or of the same order as) tree level constraints.

m We show how Higgs coupling deviations can be used to infer the
mechanism of raising Higgs mass in SUSY,



