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SM as an EFT |I

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:

A? (D# g.H g*fL,R ngu

['eff = —L A ’ A ’ A3/2 3 A2

2 )~ ur ot -
i

m No of measurements >No of couplings/parameters at a fixed order =>

Predictions relating different measurements. Predictions from £, (the
SM lagrangian) well known and tested:
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m No of measurements >No of couplings/parameters at a fixed order =>

Predictions relating different measurements. Predictions from £, (the
SM lagrangian) well known and tested:

MW = Mz Coy Y; =2m;/v etc



Main Goal: What are the predictions from Ls ? For eg. which (non SM)
Higgs interactions are already constrained by EWPT and TGC data
and which are still independent ?



==

BSM Primaries

m 18 quantities best constrain the important deformations in Lg

m We call these BSM Primaries. (see alsoPomarol & Riva, 2013,

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

Higgs (8) h— vy, h—=vZ, h = gg hA,A* hA, Z" hG,,GH
Physics h—VV.h— ff,pp— h* — hh hWTHW ., h ff, B
EWPT (7) Z—ff Zyfr.r" fL.r
Data (2 can be traded for S|T")
TGC (3) ee - WW 91Z00W VA= (W'*'VW#—V _ W_VW:;/)
Data Ky S0y, {1‘“’ IfV: WV_

Ay soy AW IPW

(18 is not considering four fermions and MFV suppressed and CPV deformations)
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BSM Primaries

= (18 quantities best constrain the important deformations in Lg

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

Higgs h— vy, h—=~Z, h— gg hAuWA™, hAu Z* hG,, G
Physics h=VV.h— ff.pp— h* = hh RW*HWL, hff, h®
EWPT@ 7 ff ZufL. R fL R
Data (2 can be traded for S|T")
ch@ ee - WW QIZCOW M (W+1/W/J_l/ _ W_UW;;/)
Data Ky S0y, {1‘“’ IfV: V[/V_

A sy AW P

(18 is not considering four fermions and MFV suppressed and CPV deformations)



Correlated deformations
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Correlated deformations
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BSM Primary directions |I

m Cannot generate only BSM primary deformation and no other
deformation :

— BSM Primary

h  h?
ALY, = dnzy (245 t
BSM Primary “ ¥\ \v " 202 [0
direction 7]
%Z“"+W@W‘“ . Correlated
ow deformations

—

m In other words just the BSM primary itself is not a dim-6 operator.
There will be other terms from the operator.

m BSM primary directions must be mutually orthogonal. For eg. the
above terms must not contribute to other 17 primaries like p — ~7..



m We will take a bottom up approach to construct the dim-6
Lagrangian by building up these BSM Primary directions
(operators in disguise) corresponding to each BSM Primary.

m The dim-6 Lagrangian would be the sum of all these Primary
directions.



* Z-pole Primaries |I

m Zff coupling deformations more general (beyond universal
theories) and physical than S and T parameters.

f ®?
how - f
Ht'D  Hfy"f / f=eL, er, v, Ur, UL, dr, dv
HfaaﬁquToafy“f

m 3 dim-6 structures for 4 possible W/Z-couplings to leptons W-
couplings related to Z-couplings at dim-6 level
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m Zff coupling deformations more general (beyond universal
theories) and physical than S and T parameters.
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m 3 dim-6 structures for 4 possible W/Z-couplings to leptons W-
couplings related to Z-couplings at dim-6 level



==
Deviation from gauge coupling
universality

m W/Z couplings can be individually altered by operators having
product of currents:

ALy, = 09cr 52" ERMuer (15) Leptons

}12
Primary /{ Correlated
v z h? h?

AL, =0g.n Z“uR'y“uR + g%, 2Z dpv,dr Quarks
h2 T

- 6gfL§ ZHdyudy, — Tg(PV“L“ﬁL'y,,dL + h.c.)]
i [

- 5951,? ZH g yuug + T(W’“‘uu/#dz, + h.c. )‘

= !
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Sand T?

m S and T are linear combinations of above parameters:

2 72 7,2
-~ 9S5.. h 2 g h
AL:=S—7"—7,1|J; - JE ——Z*
S cgw 2 TH |V Z Cow Jem + co,, 4
Tht
ALT — —?v—‘lmZZ”’Zp .

m In our parametrization we have eliminated all corrections to
propagators (using EoM) so there is a one to one correspondence
between our 59? and the Z partial widths.

R ®
S



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



N Z-pole Primaries + TGC
£

- -
e - = = ™

universal gauge-couplings
(8:88:)



* Deviation from gauge coupling
universality

m Ashift S, — . (1 + 20g97c, B /v?) keeping € constant
in the fermion —Higgs sector of SM lagrangian gives:

AC zZ = FOw

A

!v2

2 ilQ 62 ilg
403“,

—g(W I+ he) - gzg"“’ ZyJE — 2etoy Z, "
w

m For h = v this shift just a redefinition of Sgw.

m Opposite shift S%,w Sgw (1-28g% C%w) in only pure gauge

iddgya, Z* (W"Wi — WHWL) +QGCs



* Deviation from gauge coupling
universality

m Ashift S, — . (1 + 20g97c, B /v?) keeping € constant
in the fermion —Higgs sector of SM lagrangian gives:

i
Fow 3 Z"Z,

2 ilQ 62 ilg
403“,

C
) — L2 7 JE ety Z,J"

ng,

A

m For P = Y this shift j just a redefinition of Sgw.
m Opposite shift S%,w Sgw (1-28g% C%w) in only pure gauge
sector gives TG(@ and QGCs:

agZWW agWWWW 5gZZWW 5872WW
s»‘},w = 2C§W gusl&‘!vww = zggww = 8§f,ww
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Z-pole Primaries + TGC
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Other TGC primary directions

m Notice that the deformation below contains the dk, TGC:
h2* W2, B* —

;2 [Wj,, B" + igeo,, Wy W, (A™ — to,, z“”)]

'3 h
g'h” W3,BH = Als AL, 0w Als, 455,
ng2 S 4Ky 4Kz~ K
m We find a combination that does not contribute to other
primaries but only to dk., :

(514:.,,

A‘CNW - v2

i€h? (A — toy Zu)W W
(R — )
>

X (tow Zyu A" + ;zgw Zy ZH + W W™ #")]

+ Z, Ouh® (o, APV — 3 ZMY) +
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Other TGC primary directions

m Finally we also have:

)
ALy, = T’n—z;[(eA#ugcaWZW)W;PW,;’;]



==
Relation to Higgs physics

All Primary deformations considered so far have been of the form

h? % dim 4 deformation

h=v+h
Probed by LEP Probed by LHC
in EWPT and TGC in Higgs physics

— A

Constrained already!




Relation to Higgs physics

All Primary deformations considered so far have been of the form

Eo.:  W* X ZufLrY fLR

h . ® R ®
zZ @ N
2V
f f
H'D uH JHrf

Modifications in h— Zff related to Z—ff
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Relation to Higgs physics

All Primary deformations considered so far have been of the form

Eg.: WP X Zy fLrY" fLR

h O ® ® ®
z @ - x z @
f 2v f
H'D uH i

Modifications in h— Zff related to Z—ff

Contributions to Higgs physics already
constrained by TGC, EWPT!



==
Any unconstrained BSM effect in

Higgs physics?

m Yes! Deformations of the form:

| H |2 / A2 SM operator

For h = v just a redefinition of SM parameters.

Eg.:
|HI?foHfr + h.c. —>Y(h) =Y;+ 8Y; h? /v* + -

_ 3h  h?
h _ -
Aiﬂff_ag’}f(hﬁfk+h.c.)(1 +oo 2v2)




Higgs Primary directions

e(h), soy (h), gs(iz),lYf(iz), An(h), Zn(h)

give

|

(24 52) [ 0 0500
Kzy (% + %I) ltOWA# vZHY + %“;‘Zuvzuv +W,\ W —‘uv]
— KGG(%’F% G?lVGA”va
— Sg?f (hfoR +h.c. (l - %% + %_y)
% 3 3h , 3% | K
A o0ginh (I-I-E-l-m'l'm)

@: Sghy [h (W+# W, + i—:‘%) +A,,‘

(]




==

Remaining deformations:

m Other deformations include four-fermion deformations
CP- violating deformations and.:

e SOw _
+ dn,‘:(quz,a"”qRA,w + Tguzﬁ" YdrW,,)
+ 0K ot qrZ,, + Sow. upotVdpWt

V2

ALsc = KageapcGia'Gy,GC P
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BSM Primaries

m 18 quantities best constrain all deformations in Ls .

m We call these BSM Primaries.

Higgs (8) h— vy, h—>~Z, h— gg hA,A* hA, Z" hG,,GH
Physics h—VV.h— ff,pp— h* — hh hWWTHW ., h ff, b
EWPT (7) Z—ff Zyfr.r" fL.r
Data (2 can be traded for S,T")
TGC (3) ee - WW QIZCOW VA= (W'*'UW#—V _ W_VW;/)
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Ay oy AFYW S PW;

(18 is not considering four fermions and MFV suppressed and CPV deformations)



I Higgs Primaries (8)

h h?
ALY = Kee (
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Coow

23

Ow
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2y 2P + Wi, W"‘"] .

EWPT Primaries(7)

h? _
ALXQ - 6geZR?Z“eR’)’#8R

A

h2
+ 5geZL? lZ“é[/h@L - C‘;\/‘%(W_*_FV_L’)‘#BL + h.c.)]

A

h2
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h?,_ h2
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7
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TGC Primaries (3)

h? | e2h?
AL,z = 6g%ch — |——2+Z
af 91 Coy 02 [433W B

—g(W;J* +hec)— ggow Z,JE — ety Z,‘J‘{,‘J
0

AL, =2 [z'em(A,w — toy Zu)WHHW

w

(h* —v?)
2
Cop —
[t Zus A 4 S 2,070 4 W W)
A£A~, — :n_%:, [(eAl"'V -+ gcoy, Z/"'V)W;pW;;l]
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T . . .
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):

A LRsMm = A.?;IY-I-MZII},-I-A.?C};’G +A.2p;lf + AL, +A$"/’V +A-%‘; +A-Z[‘;
+ALz + AL, +AL, + AL+ ALy + ARy +ALepy -

m 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.
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m 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.



T . . .
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):

ALBsm = A.?;IY-I-MZII},-I-A.?C};’G +A-2p;lf +AZ, +A$"/’V +A-%‘; +A—Z[‘;
ALy + AL, + AL, + AL+ ALy + ARy +ALepy -

Total:59 Primary Directions

m 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.



T Example: h ->Zff

z ¢ Z
h i h .
_____ e e . f
7 ¥ f 7x
VA VA f
f

m The relevant primaries (ignoring ones constrained at
per-mille level) are:

h h2 ; ilQ 2h2
AL = @5* 2_2> [t"“’A“"Z’w o [4,,-4 o
22“' 2 2P0y W, W"“’} . ~9(W, JZ +hee) { 2et0wZ#/m]>

ac, L85 ieh?(Au, — toy, Z )W HW = (24

Ky v2

L e ey

—
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Example: h ->Zff

st 544
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Gupta, Liu, Pomarol, Riva (in preparation)
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Example: h ->Zff
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Gupta, Liu, Pomarol, Riva (in preparation)



Prediction for any BSM Process 1n
terms of BSM primaries (at dim-6)

q W/Z

. hWHW =, hff, h®

Zu fL,R’)"”fL,R

H .
. as a function of:

g% o, Z* (W“L"VAV’;, — W‘”WJ{,)
A

Z ~ A -~

- -

6:::55' - ﬁ )\780“’ Gl W# prv
V4

etc Gupta, Liu, Pomarol, Riva (in preparation)



A Hierarchy of Constraints

h 5 b
K

2y percent level
397 Ky Ay

Ryy  Kge

VA /] S 2
0gcp 0921 99,y - permille level

- s Z 5 Z soZ
6gZ, 99ar 99.1 %9aL

w =

These parameters can be identified with the Wilson coefficients of dim-6
operators ci (mw). (Pomarol & Riva 2013)



A Hierarchy of Constraints

7 S h
K

%y percent level
0g- o X,

Ry~ GG

VA S 2 /]
0. /0921 99,y - permille level

: 2 57 5P
5q2f, 093n 99.r °94L

These parameters can beidentified with the Wilson coefficients of dim-6
operatorsCi (mw).> (Pomarol & Riva 2013)



+ RG-induced Constraints
(diphoton example)

BSM matching scale N\

c1 (N),c2 (N),...ci D Theoretically important;
— To constrain these need to
know RG running.

Directly constrained by

c1 (mw),c2 (mw),...Ci (rm@/ experiments

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

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




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

c1 (N),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 ) 2. A
Cy(my) = E4(A) — 1672 [(é!f - 2)\) Cy + Iig‘c,h] log (—) < €pq

LT

Directly constrained by

c1 (mw),c2 (mw),...Ci (rm@/ experiments

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

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

A 2




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



+ RG-induced Constraints
(diphoton example)

1 (3, .
1672 [(59 e

Er(my) = 64(A) —

One loo!suppression

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

|€ny| < Ay

1622 |/3 . .
. -t P
log (A/mn) (2-" ) | P »

) ‘ ‘ A ‘ ( ‘.\ )
Cory +397Cay | log | — | < €4
m; \

Constrained per mille level

Constrained only at 10 % level thus
allowed to be much larger than
bound on h v 7 .This and the log
enhancement can compensate for
the loop fact%.

1
3¢°

16x?
log (A/m4)

|Cxy] < Apr

Chny




A Hierarchy of Constraints

h 5 b
K7 RG-flow ?
7 percent level
397 Ky Ay
RG-flow ?
V-

Ryy  Kge

VA /] S 2
0gcp 0921 99,y - permille level

- s Z 5 Z soZ
6gZ, 99ar 99.1 %9aL

w =

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

¢s ér Ccy cw Cyy

ves| 597 H6ue % 397 (147-106%7 ) § (T7¢°+58¢") 1662

Yer| 997 —24tF A 1292 +120 Fg%+12t5 (g% +)) 292 0

Ve 39" 0 5" 0 0

Vow 0 0 9" 61—3t3w) B+ 22 0

Tery 0 0 0 0 ~39°— 39" +6y3+12)

Yeu 1897 — 15 (997 +24X) —99%+39%+12) 15 (g% +12)) Lg®+3g?+72) 0

e,z 0 0 0 0 0

Véxz 0 0 0 0 —16¢2

g2 g ki 2 1 2 2
7692 6c0W 12C0!W 8"0!W (106tow - 29) W('?gg +589’ ) 0
Vers 0 0 0 0 0
CH ¢z - éqz e
Yes 9 49°-9") —39°— 59" — 4\ G OF7—397) 27
Yeér 3q? 0 ~9g/2—24t3 A 2453 A 0
7&)/ 0 0 %g’z %eZ 0
T ! U 0 3¢t 9° 0
Yoo 0 0 3922\ 0 3g°
Yéu —%92_39’2 +12y¢2+24/\ 0 ggfz(z_tgw)_24th/\ g(grzsgw _gzcgw)_24’\(60(§w_3 W) 0
e, 0 <P -39 +6yE+12X ¢ (267 —2)) -5, (9% —2N) 0 Z(11¢3, — s,
ve 0 4(9%~g?) L g+ 4 + 6y +4 0 2¢°
2 2 2

1% ﬁg?_ & 6e5,, 92— % +6y 0
Véa 0 0 0 0 ?_392




Anomalous Dimensional Matrix

(659 GTaéYaé‘V’éTy,éy29éﬁ’73 ég:hé/\’}faé”)t (mt) =

( 09 0003 -003 -0.08 -0.02+0.02 -0.04 005 -0.01 0.001\
0.03 0.8 —-0.02 -0.009 0O 0 —-0.03 0.01 0 —-0.003
0.001 0 0.9 0 0 0 -0.001 0.001 0 0

0 0 —-0.001 0.8 0 0 0 —0.003 0O 0

- 0 0 0 0 0.9 0 0.006 0 0.02 0

- 0 0 0 0 0 0.9 0.007 0 0.03 0

0 0 0 0 =002 -002 09 0 -0.01 0
0.0004 —0.0007 —-0.0004 0.1 0 0 -0.0004 09 0 —-0.0007

0 0 0 0 0 0 0 0 0.9 0
\—0.02 0.03 0.01 —-0.4 0 0 002 -03 0 0.8 )

(4

fes(1)
ér(A)
éy(A)
éw (A)
vy (A)
[évz (M)
éry (A)
&gz (A)
é,\., (A)

i (A)

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



Numerical Results

Coupling | Direct Constraint | RG-induced Constraint
cs(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] -
byy(me) | [-1,2] x 1073 18] -
éyz(me) | [-0.6,1] x 1072 [18] [—2,6] x 1072
éxy(me) | [[-10,7] x 1072 [27] [—5,2] x 1072
Coz (M) [—4,2] x 1072 [27] [—3,1] x 1072
Ery(me) [—6,2] x 1072 [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/correlation among different
contributions 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 Cx mainly from their RG-induced
contribution to {S, T, W,Y} that are stronger than the direct bounds.



Numerical Results

Coupling | Direct Constraint | RG-induced Constraint
cs(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] -
Eyy(me) | [-1,2] x 1073 [18] -
éyz(me) | [-0.6,1] x 1072 [18] [—2,6] x 1072
éxy(me) | [[-10,7] x 1072 [27] [—5,2] x 1072
Coz (M) [—4,2] x 1072 [27] [—3,1] x 1072
%mp_ww—m [=2.8] x 1072
Crr(my) [—6, 5] x 10~ [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 Cx mainly from their RG-induced
contribution to {S, T, W,Y} that are stronger than the direct bounds.



Summary |

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

m Barring 4-fermions and CPV and MFV deformations, there are 18 BSM
Primary effects: 8 Higgs primaries, 7 EWPT primaries and 3 TGC
Primaries.

m Predictioins: W coupling deviations not independent of Z coupling
deviations. All hVif deformations constrained by EWPT and TGC,; all
QGC constrained by the glZ TGC.

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

m We calculate the one-loop anomalous dimension matrix for
13 bosonic dimension-6 operators relevant for electroweak
(including TGC) and Higgs physics.

m New RG-induced bounds, stronger than the direct
constraints, on a universal shift of the Higgs couplings and
the anomalous triple gauge couplings.

Elias-Miro, Grojean, Gupta and Marzocca (1312.2928)
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Operators to Observables

* The 10 EW & Higgs operators can be related to 10 observables:

4 precision observables ) 2
T = ép(my) = Az —er(my)
NNV OINANNS
. 2.
S = és(mw) = ";—'; lew(mw) + es(mw ) + dewz(mw))]
Y =éy(mw) = %Cm[mw)
p2 W = (..‘w (‘?71-,;-') - nit,:'(}zu,'('?n',y}
p1 A\ . .m 1
< Oy — 897 = &yz(mw) = ‘\‘:' 3
3 triple gauge couplin
D3 ple gaug piung 0Ky = Crn(mw) = "\._ (— w))
observables g

pay my
Az = Cx-x\'"lw) = .,'C:;u'\‘"lw)
A-
2

(:‘H('"l},) = \2 Cf{\"lﬁ)
. mi
_ Err(my,) = ,\2 \(‘m;(m;,) + ewwlmy) — ewn(my))
(:'-./(ﬂll.)
mu.

Az (25, cww(my) = 255, can(m) = (¢, — 53, Jown(mn))

3 Higgs
observables (Pomarol & Riva 2013)



A Hierarchy of Constraints
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(Pomarol & Riva 2013)



Anomalous Dimensional Matrix

A - 1 o) % A
¢;(mp) = ¢;(A) — = %;jCj(A) log E

v
Anomalous dimension matrix: connects Wilson

coefficientsat BSM scale to those at experimental scale.

* The full anomalous dimension matrix is shown in the next slide:
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Anomalous Dimensional Matrix

és ér éy ey
2 12

Yo 197+ 6y? 4 197 (147-106%7 ) 1 (T74*+58¢7) 1662

Yor| 997 > 243 A P +1292 412\ 3%+ 129a5w (g2 +\) 392 0

7(?}' *3'9’2 0 _9,2 0

Vow 0 0 9" 61—3t5w) B+ 22 0

Yoy 0 0 0 —39%— 397 +6y+12)

Ve |18 —t5 (997 +24)) —9g%+3g7%+12\ t5  (FFe”+12)) Fg?+3g”+T72) 0

Yéyz 0 0 0 0

Verz 0 0 0 ~16¢2

g* g* q* 2 1 2 2
Yoz 5 T2 T (1063, —29) nm (7992 +58g") 0
Vers 0 0 0 0
CH Cyz Crry Coz Cay
Yes —&9° 4(g*—g") —59%— 59”7 — 4\ By (99°—397) -2¢°
3
Yér 397 0 —99'2—2 24t5 A 2435“, A 0
Yoy 0 0 —34? ) ze° 0
Yow 0 0 0 —5Ch,9° 0
Yy 0 0 3g%—2)\ 0 3g*
Yeu 29% — 397 +12y7 +24) 0 99%(2—1t5 )-24t5 X 9(g%s; —g’ci ) —24N6¢; —s5 ) . 0
ez 0 <397 +6y7 +12X (2g2—2')2\)—s2ow (g2 —2)\) 0 Z(11¢3, — 3, )
Very 0 4(g*—g"”) B+ +6yF+4A 0 2¢°
2 2 17 2

(Yégz ﬁf,?; 0 6ep, 39°- % +6y7 0
7&,\‘, 0 0 0 0 ?92
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Anomalous Dimensional Matrix

¢s ér Ccy cw Cyy

ves| 597 H6ue % 397 (147-106%7 ) § (T7¢°+58¢") 1662

Yer| 997 —24tF A 1292 +120 Fg%+12t5 (g% +)) 292 0

Ve 39" 0 5" 0 0

Vow 0 0 9" 61—3t3w) B+ 22 0

Tery 0 0 0 0 ~39°— 39" +6y3+12)

Yeu 1897 — 15 (997 +24X) —99%+39%+12) 15 (g% +12)) Lg®+3g?+72) 0

e,z 0 0 0 0 0

Véxz 0 0 0 0 —16¢2

g2 g ki 2 1 2 2
7692 6c0W 12C0!W 8"0!W (106tow - 29) W('?gg +589’ ) 0
Vers 0 0 0 0 0
CH ¢z - éqz e
Yes 9 49°-9") —39°— 59" — 4\ G OF7—397) 27
Yeér 3q? 0 ~9g/2—24t3 A 2453 A 0
7&)/ 0 0 %g’z %eZ 0
T ! U 0 3¢t 9° 0
Yoo 0 0 3922\ 0 3g°
Yéu —%92_39’2 +12y¢2+24/\ 0 ggfz(z_tgw)_24th/\ g(grzsgw _gzcgw)_24’\(60(§w_3 W) 0
e, 0 <P -39 +6yE+12X ¢ (267 —2)) -5, (9% —2N) 0 Z(11¢3, — s,
ve 0 4(9%~g?) L g+ 4 + 6y +4 0 2¢°
2 2 2

1% ﬁg?_ & 6e5,, 92— % +6y 0
Véa 0 0 0 0 ?_392




Anomalous Dimensional Matrix

(659 GTaéYaé‘V’éTy,éy29éﬁ’73 ég:hé/\’}faé”)t (mt) =

( 09 0003 -003 -0.08 -0.02+0.02 -0.04 005 -0.01 0.001\
0.03 0.8 —-0.02 -0.009 0O 0 —-0.03 0.01 0 —-0.003
0.001 0 0.9 0 0 0 -0.001 0.001 0 0

0 0 —-0.001 0.8 0 0 0 —0.003 0O 0

- 0 0 0 0 0.9 0 0.006 0 0.02 0

- 0 0 0 0 0 0.9 0.007 0 0.03 0

0 0 0 0 =002 -002 09 0 -0.01 0
0.0004 —0.0007 —-0.0004 0.1 0 0 -0.0004 09 0 —-0.0007

0 0 0 0 0 0 0 0 0.9 0
\—0.02 0.03 0.01 —-0.4 0 0 002 -03 0 0.8 )

(4

fes(1)
ér(A)
éy(A)
éw (A)
vy (A)
[évz (M)
éry (A)
&gz (A)
é,\., (A)

i (A)

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



Numerical Results

Coupling | Direct Constraint | RG-induced Constraint
cs(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] -
byy(me) | [-1,2] x 1073 18] -
éyz(me) | [-0.6,1] x 1072 [18] [—2,6] x 1072
éxy(me) | [[-10,7] x 1072 [27] [—5,2] x 1072
Coz (M) [—4,2] x 1072 [27] [—3,1] x 1072
Ery(me) [—6,2] x 1072 [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/correlation among different
contributions 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 Cx mainly from their RG-induced
contribution to {S, T, W,Y} that are stronger than the direct bounds.



Numerical Results

Coupling | Direct Constraint | RG-induced Constraint
cs(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] -
Eyy(me) | [-1,2] x 1073 [18] -
éyz(me) | [-0.6,1] x 1072 [18] [—2,6] x 1072
éxy(me) | [[-10,7] x 1072 [27] [—5,2] x 1072
Coz (M) [—4,2] x 1072 [27] [—3,1] x 1072
%mp_ww—m [=2.8] x 1072
Crr(my) [—6, 5] x 10~ [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 Cx mainly from their RG-induced
contribution to {S, T, W,Y} that are stronger than the direct bounds.
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A Hierarchy of Constraints

K
%y ]_ percent level

%Strong RG-induced
constraint from S, T

Ryy  Kge

VA /] /]
0gcp 0921 99,y - permille level

i : . Z 5 7
5%, 094n 09ur 994L

w =



RG-effects measurable in future

Direct Future [ éyz| exy] | lén]
Measurement | Precision
- 4x 107> [36] | 6 x 1073 - 2x1073 | -
> 3x 1074 [36] | 4 x 1072 - 1x1072 | -
Crer 2 x 10~4 [37 - 1x1072 | 1x1072 | -
Coz 2 x 10~4 [37 0.4 - - 0.25

m Minimum value of the couplings to which direct measurements of the

observables in the first column would be sensitive via the one loop RG-
mixing in the long term.

m A deviation in one BSM primary parameter would induce deviations in

other ones in a correlated way.

m If these RG effects are not seen it would mean would mean that some

tuning is needed, or it would indicate some UV correlation among Wilson

coefficients pointing towards a particular structure of the new physics




Part III: 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)
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Composite Models

m Strongly Interacting Light Higgs (SILH) Lagrangian:

Loy = —=0" (H'H) 8, (H'H) + = (Hfﬁy) (Hf‘E’uH)

212 212
A )
")‘jg (H'H) + ("’;ﬂf H'Hf Hfr+ h.c.)
icwyg t i i icgg t
d (H o'D H) (D'Wo)' + 53 (H D“H) (8" Buw)

icywyg ) ; ZCHBg
D*H) o' (DVH W’ D*H)(DYH)B

C’Yg g t m/ ngS yt i a auu
+167T2fgng HB,w B + qols ' HGL G

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

sector)

Giudice,Grojean, Pomarol and Rattazzi
(2007)
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Composite Models
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Composite Models
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Composite Models
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Composite Models

>l\3|§('Qt\: |

h
Left-right symmetry
— percent level A2
d )
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constraint from S, T
] 9x
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2
VA VA VA
6g9%, 994 99.1 99ar mg;rg—QMj\Q

AN

Custodial symmetry



Integrating out heavy Higgses in
SUSY

m Supersymmetric models (ZHDMS )

m NMSSM
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Integrating out heavy Higgses in
SUSY

2HDM:

ég?f 0gshn ]-

Ryy  Kge

Z s Z
dgon 09%4, 6g%

. N < Z s Z
()ng oggR OguL ogdL

(1)

percent level
Strong RG-induced
constraint from S, T

- permille level
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Integrating out heavy Higgses in
SUSY

NMSSM:

ég?f 0gshn ]-

Ryy  Kge

Z s Z
dgon 09%4, 6g%

. N < Z s Z
()ng oggR OguL ogdL

(1)

K
“¥ @gV} percent level
091 5"7 ~ Strong RG-induced

constraint from S, T

- permille level




+Understanding SUSY Higgs
coupling deviations

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

— gets full VEV

B = cosﬂ@-}-sinBH
h) = sinfBh — cos BH

m H and h almost mass eigenstates if @02 /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:

2) = Hoah! HOh*H + 5,2 H? + 53hH® + 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
i
Am2 = mZ®? _ m?2(cos28)? ,:;




+Understanding SUSY Higgs
coupling deviations

m Integrate out H to obtain:

<h> (n P
/ Cpr & 1 —4tan BJ;J-
' H
ﬁ 2
h___,_ Ct ml+4cotﬂ6—”;—
ev=1-— (6,,_)
Sh'H My
AV 3 ]
L ?’l ra 1’ 2 ﬂl?
MSSM - (| HY)? - |HE)?) l—ﬁf«(c'_-., - 8%)  %ssca(ch — &%
Stops (no mixing) §|H|* = 33& log|m;, m;, /M7 | Ha|* e ~4shcs 2
D-term extension s (HY|* - IIIf;,"I"B)2 -1-'2:{«;((*:, ~ 53)? .'_-,'%%3303(4‘:, ~ & m2Z/v2 — 4K
NMSSM N HYHD? A sin® 23 ~ 2 ¢in48




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.



P .
Exclusions

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

low tan 3 region Solid lines: our bounds



+Consistency check: shift invariance

m The anomalous dimension of shift invariant combinations of couplings is a fun
sift invariant combination of couplin~--

Yo, = f(C5)

cn Cr cr <n cw
Yo |84 Fe% <ty 4 (%7467) -0 8\ 65" — 347 367 (¢ +44°) (367 (347 + %'7) - 6rg
Yor ar - 367 |3 (so’ +97) 4208~ dyy| 4397 - 6?7 [§7 (2g” - g?) + 6ag3 o7 (og’ - 97) + 30ag%
Yor ;ga _;_ga 127 4 %7_’2 + 397 — dym _%'m'z ~arg"? _%gagn
Yen -¥ ~ -5 1;3 + oyd !;_
Yow -} - - — o? + o
Yeqn 0 0 0 -3¢ 0
Yoow Q 0 0 0 __gva

m Thus the contribution of cB and cT to ¥ cT must be connected in such a way that they
can combine to form C;

1 0
Yor = Yor — 39’ (2%eg)-- = #er +Fcp+ FHeap — % (72X + 597 + 27¢%) Cr

This will connect for eg. the contribu' ¢ — ¢1,B2B CT — CT.B2B which
have been computed completely independently.



+Consistency check: shift invariance

m The anomalous dimension of shift invariant combinations of couplings is a fun
sift invariant combination of couplin~--

Yo, = f(C5)

<u Cr cr <n cw
Yopy [PEA+ 367 —vy| 4 (274 g”] -4 -64° —g\c }ﬁ &2 +->\l 3¢ (34" + q") - 6ag7
Yor an-37 |3 (5;’ +97) 4205 - 4y / 4\ 4397 - eg’\ .’,’,% (2,"‘ -9) + ax\"',}g’ (ng’ - 97) + 30ag%
Yoo 20" T {24\+ Zo+39% —aqn| | -30"%0" —ary”? -%0%9?
vw | - 3 | -3 2wt | 5
ow | - 3 Vo L $o? + o7
Yean ] 0 \ 0 / \ _;,n / 0
Yegw 0 0 ~-30°

m Thus the contribution of cB and cT to ¥ cT must be connected in such a way that they
can combine to form C.;

— 1
"Cr = Yop — %gﬁ(gn,-%),,_ = #or+ s+ i = = (120 + 59" + 27¢°) Cr
This will connect for eg. the contribu' ¢ — ¢1,B2B CT — CT.B2B which

have been computed completely independently.



Higgs Primary directions

m For the effect from e(h), soy (h) we write SM Lagrangian with
non cannonical kinetic terms (we can get back to SM
bY AI‘ — A SOW v) )

_ 1 5 3 :
A

1 T —— h2 . 1

- Wi W WiW* + 2247,
2g°(h)

+A,,Jem+Z J“+W+J£+W JE

h h?
AAC:., = ""‘7‘7( +F)

ng (,;') Z2
T AN
4g°*(h)

Ay APV

ho, B "
AEZ‘T - nz-,( 20 2) [tgwA#uZ

7T L OWE W |
7 v ] - +;2C£2>w A/ +W“+VW'_“"‘ .



T Difference in Parametrization

m Parametrization in this part slightly different from one used
ntially sam

so far (althou%h esse:

AE’TY
Zy

{S, T}

ALy

&

5

., OBB + S5, Oww
Oww — OgB

Oce
Do not contribute via RG
% to more constrained
Pr1maries.
O:Oe +
R Only part that contributes
O, — 0(3)1 to constrained primaries
(3)1 (used in 1312.2928).
O+ 0 I

Ow — O + 205 — 40,
—40yx B + lOWW — %OBB
O3W

Now we also considered I7V and Y that have been traded for four-fermions so far.



