On the quantum structure
of indirect BSM effects

Alex Pomarol, CERN & UAB (Barcelona)



Purpose of this talk:
Little story about zeros...




Purpose of this talk:

Little story about zeros...

...oN certain one-loop quantum corrections in EFT’s
that explicit calculations show that cancel for no “reason”




Purpose of this talk:

Little story about zeros...

...oN certain one-loop quantum corrections in EFT’s
that explicit calculations show that cancel for no “reason”

Interest?



Purpose of this talk:

Little story about zeros...

...oN certain one-loop quantum corrections in EFT’s
that explicit calculations show that cancel for no “reason”

Interest?

The SM is an EFT with higher-dim operators (what we call BSM!)
At the quantum-level operator mix:

® To understand these mixings is crucial in order to see how
restrictions can arise from well-measured quantities: S, T, hyy, ...

/\ - <

e.g. HZZ coupling W restricted by S

e Effects can be important in the future to unravel the UV model



Purpose of this talk:

Little story about zeros...

...oN certain one-loop quantum corrections in EFT’s
that explicit calculations show that cancel for no “reason”

Interest?

The SM is an EFT with higher-dim operators (what we call BSM!)
At the quantum-level operator mix:

® To understand these mixings is crucial in order to see how
restrictions can arise from well-measured quantities: S, T, hyy, ...
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e.g. HZZ coupling W restricted by S

e Effects can be important in the future to unravel the UV model

We will see that an interesting set of one-loop nhon-renormalization
results can be derived (the choice of the correct basis is crucial)




EFT captures the (indirect) impact of BSMs

Under the assumption that the

new-physics scale A is heavier than Mv,
we can perform an expansion in derivatives and SM fields

(assuming lepton & baryon number)

A (D, guH 95 2JLR
£eﬁ‘:g—3£<ﬁ, T, A3/2 ; /£4—|—£6\_|_
leading
deviations

from the SM
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Interesting situations could arise from mixing:

Tree-level One-loop induced
Otree Oloop at N\

RG evolution

\4

Ctree A
loog —— at mw
167‘(’2 5 Tw

Cloop (mW) i

Due to the log, dominant effect from running!!

AN log(3 TeV /mw)? ~ 7
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One-loop mixing of dim-6 operators

Example |: SM after integrating out W/Z:

Tree-level One-loop induced

Oypo= (€L"0L) (517" CL) Oloop= SL0" OrEF ),

RG evolution

| No mixing between “tree” and “loop” operators
| at the one-loop level |

B.Grinstein, R..Springer and M.Wise 90

no explanation of the reason of why this happens!



One-loop mixing of dim-6 operators
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One-loop mixing of dim-6 operators

Example 2: Hyy from BSMs (SUSY/SILH)

Tree-level One-loop induced
Otrec= (aM‘H‘Z)Q Oloop: |H’2BMVB,MV

RG evolution

| No mixing between ‘“tree” and “loop” operators |
| at the one-loop level :

Otherwise the analysis of Higgs couplings from ATLAS/CMS

(the (in)famous “kappas’) would have had
a very different interpretation in BSMs!



“Loop” operators

defined as arising

from renormalizable BSMs

HT frotte f by, > fermion dipoles

H't“"HE, F*" » hyY, hZy,hGG
abc av b C >

YA v v TGC

+ CP-violating



“Loop” operators “Current-current”

defined as arising operators
from renormalizable BSMs
HT]FRO"LWta’fL ng JZ ‘ J]
HTtathng Fomv Jor = e pr g
fach/ijpr F[f“ J}L“ — ]?taWMf

+ CP-violating > oo



“Loop” operators “Current-current”

de_ﬁned as arising operators
from renormalizable BSMs
£ Via a . :
explicit calculations
T+a4b a b uv show no mixing
HttHFILWF JIC;M:HTtaD’uH
b b ap _ fra~p
foreFevENP Fok St =10
+ CP-violating > oo

J. Elias-Miro, J.R. Espinosa, E. Masso,A.P. | 3;
Jenkins, Manohar, Trott |3
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“Loop” operators “Current-current”

de_ﬁned as arising operators
from renormalizable BSMs

HTfRO"LWtafL ng JZ ‘ Jj
explicit calculations
show no mixing

y JiHt = H't*DVMH

S

’ [ 2 BN

J. Elias-Miro, J.R. Espinosa, E. Masso,A.P. | 3;
Jenkins, Manohar, Trott |3

Ht"t"HFY, F*"
abc Thav 1,7 C
f Fu F2P Fp“

+ CP-violating

One exception to this rule:

Oyy — (thafL) (thafL) ™~ ¢4 in weyl notation



. R.Alonso, E.Jenkins, A .Manohar 15

Holomorphy:

In the basis:  Osp, = Osr F 10,5 { Osp = [ F " F,PFRY

Orr, = Orr F 1057 Opp = HUW'"HFS, Fo"

The one-loop anomalous dimensions of the complex Wilson-coefficients
do not depend on their complex-conjugates:

J.Elias-Miro, J.R.Espinosa, A.P. 15

_ ud
Ci = {CSF+7 CFFy,CD, Cy, Cyy, CR

Only one exception to this rule was found from explicit calculations
(I out of 36 !)




m suggests a possible explanation using supersymmetry:
J.Elias-Miro, J.R .Espinosa, A.P. 15

Supersymmetry can be an useful tool even

for non-supersymmetric theories  w» for an alternative approach,

see Cheung-Shen 15
using Spinor Helicity formalism

e.g.: QCD n-gluon scattering at tree-level:

Same as in Susy-QCD as gauginos appear at the loop-level!

" easy to prove: Atree[g— + + . ,g+] _ Agree[g+g+ . _g+] — 0

as it was shown by long explicit calculations!
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/ d* 0y, HQU + / d'0yH'QDnt  n = 62



Supersymmetrization

Dim-4 operators:

SM ——— > MSSM (with one Higgs)

if both y, & yq are simultaneously present,
a source of susy-breaking is needed

/ d* 0y, HQU + / d'0yH'QDnt  n = 62
Dim-6 operators:

Loop operators ———— F-term of non-chiral operators

v 1
e.g. Orr = |§*Fu F" ————  PleVed WoW, = _§H2OFF L.,



Supersymmetrization

Dim-4 operators:

SM ——— > MSSM (with one Higgs)

if both y, & yq are simultaneously present,
a source of susy-breaking is needed

/ d*0y, HQU + / d'0yH'QDnt  n = 62
Dim-6 operators:

Loop operators ———— F-term of non-chiral operators
e.g. OFF — |¢|2F#,,F“V _ (I)Tevcpq) Wawa _ _192OFF 4.

Break susy!/d%’qﬂ OWW,.n



Supersymmetrization

Dim-4 operators:

SM ——— > MSSM (with one Higgs)

if both y, & yq are simultaneously present,
a source of susy-breaking is needed

/ d*0y, HQU + / d*0ya H1QDn' = 6
Dim-6 operators:

Loop operators ———— F-term of non-chiral operators
e.g. OFF — |¢|2F#,,Fﬁ“’ _ (I,Tev¢q) WaWa _ _102017‘5‘ 4.
Break susy! / d4(9(I)T6 OWW,.n

same for fermion dipoles (ffF) & vector dipoles (F3)



Loop operators ———— F-term of non-chiral operators
1
Orp = ‘¢|2FLLVFMV —_— BferWonw, = _5920FF 4.

<

Op = QS(C]O"IWU)F/W —_—p P (QDQU) W = —(9201) + .-

OSF — fachliu/F’?PFpCli —_— fabcDﬁwaanWOcé _ 7;9203}7. 4.
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Dim-4 operators:

SM ——— > MSSM (with one Higgs)

if both y, & yq are simultaneously present,
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Dim-6 operators: -
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Supersymmetrization

Dim-4 operators:

SM ——— > MSSM (with one Higgs)

if both y, & yq are simultaneously present,
a source of susy-breaking is needed

/ d*0y, HQU + / d49deTQDn = 6
Dim-6 operators:

Loop operators ———— F-term o,on-chiral operators




Are there “tree” operators of the same class

(Susy protected: arising from F-term of non-chiral operators) ?

Oyu — ‘¢|2¢qu -_— (CI)TGV‘I’CI)) PQU = @zOyu + ..

Opuya = quqd ~— ——  (QU)D?(QD) = —46%0,., +---

the rest from susy-preserving term or with other spurion dependence
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mixing
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Groups of dim-6 operators

N UL LE . Operator
‘(\g\(\%\) < = mixing
\O‘((«I\\ lllll ‘ :
2\ ““ &
OOQG( .0’ ’
v 0 loop
F-terms of

non-chiral superfields:
carry one-spurion n

O, = |H|*Hfrfr

Oyy — (]LTRtafL> (]FRtafL)



Groups of dim-6 operators

. operator

N annun,

o e 4 *  mixing
Qe(a\o““-l .‘ ':

ORI

4 Oloop

2 F-terms of

{§  non-chiral superfields:
I8 carry one-spurion n
: I
[0))
o)

/ Oy - |H|2HfRfL v {3 ”»
trivially cannot the only “tree-level” operator

contribute Oy = (frt°fr) (frt®fr) affecting “loop” one: Dipole of f
(as explicit calculations showed)




Oyuya = (QEUR)Grs(QSLdR)a

O, = (QiT"ur)ers(Q;TdR),
The SM EFT Oyyoperators. O, = (O up)en(Licn).

O?/Juy — (QEQ€R>GTS(ESLU%)7



Opuya = (QrLur)ers(Q1dr),

Ofgi)yd — (QETAUR)GTS(QSLTAdR)a
The SM EFT Oyyoperators. O = (O up)en(Licn).
/ Oy = (Qrer)ers(Liug),

trivially cannot
contribute

from integrating out a scalar
with quantum numbers:
a) (1,2)n
b) (8,2)n
c) Leptoquark (3,2)-7
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Holomorphy:

J.Elias-Miro, J.R .Espinosa, A.P. 16

.l.
H T Q Q
Operators with N1 H H
cannot generate those with 1
HT U U

Exception: Extra spurions from (susy-breaking) dim-4 operators
(must be « y,yq):

;
H T 9 N Q
H O,., < Oy,

Ht U D as explicit calculations show




m Simple spurion analysis with supersymmetry

explains the one-loop mixing pattern
observed in the SM EFT



But the SM is not supersymmetric...
Are superpartners playing a crucial role in the zeros?
When in the susy limit we have zero mixing,

one can just look at loops with
either SM fields or super-partners: take the easiest!

eogo
H ... I I ...
7Y s NN, 7Y
L 4 . L 4 L 4
rs * L 4 L
* * L 3 &
Y L 4
v v
L 4 ? Y L 4
& &
. - ‘e
e ] &
. u .
“‘ - “‘
Y | . N Y
. .
* e®
. .
% . %
. e® .
amn®

(1" D, )b 1)



But the SM is not supersymmetric...
Are superpartners playing a crucial role in the zeros?
When in the susy limit we have zero mixing,

one can just look at loops with
either SM fields or super-partners: take the easiest!

(1" D)) 1)

)

Not possible to give |¢|°F7,

Similarly for the other cases



Holomorphy:

Again, we can either look at SM field loop or super-partner loop:
The simplest: the diagrams with fermions, as you can follow
the fermion-line to see if it changes direction.

No contribution is found!

m Holomorphy is preserved beyond SUSY




This analysis can lead to prove:

Osp. Opp, Op O, 0, 0¥ 05 O, O_ Oy Oy
OsF, ( \

4 vanishing entries
%

Op OJ]]O
<IE-

Oyy ‘(Oélé

O- vanishing
Our entries

Oy =20, + Oy — Or] = D(HIH)D"(H'H) Oy = (fy™tf) (fyut®f)

1 — ..
O = [0n—Or]=|H'D,H Opy = i(H"t")i(ft*);v" Dy (H' f7)



SUSY embedding defines the EFT basis
where the mixing of operators is the most minimal

From less to more “diagonal” basis at the one-loop:

Hawigara’s basis "™ SILH basis "™ WVarsaw’s basis "™ “Susy” basis

K.Hagiwara, S.Ishihara, G.Giudice, C.Grojean, B .Grzadkowski, M .Iskrzynski,
R.Szalapski, D.Zeppenfeld 92 A.Pomarol, R .Rattazzi 07 M .Misiak, J.Rosiek 10



Best basis for the QCD Chiral lagrangian

Ordinary basis:

f2

L, I (DFUD,U) + - -

— Ly (Ff'DUD,U + F{*D,UD,U) + Lo (U UFL)

Better basis:
€cclIy A 1% AN 14
||” operator: ((U'D,U)D,F! + (UD,U")D,F§")

“loop” operator: (U'FE'UFr,,)

\> embedded in (UWRUW,L) U = e'®
® being a chiral superfield

Not renormalized by loop of pions:

1 1

Teop 79 T s T G




Conclusions

® Dim-6 operator mixing is crucial to understand
the impact of BSM on the SM

® Supersymmetry helps to group the operators that mainly
mix among themselves

® Exercise: From the measurement B—= Uy, B— Xy,
which deviations on TGC constrains each experiment!?
Can top anomalous-couplings affect S?

® Open questions: Beyond one-loop, relation with
Spinor Helicity formalism (Cheung-Shen 15), ...



RESTRICTED AREA
MONITORED




Operators SSB spurion Super-operators
O, = D,(HH)D*(H'H) (HteVn H)?
Oy = ([t f) (frut®f) 7 (Ftee'r F)(FTtee'r F)
y | Onp =il )i (ft*) 7" Dy (H' f7) (H't*e"n H)(F't*e'" F)
S| op=GHDAdmus) | Da - HDAUD
U e VL L e
) 0= |HI* l? (HT eV H)?
- o,— IHPHA: | | | (HieWH)HFF
Oyy = (frt*f1) (frE"f1) (Ft*F)D?(Ft°F)
- nt R
é Op = Hi frortf1, Fo, H(Ft*D,F) W
g Orp, = HItWHE? (FP# — iFbomv) (HTt*t"eVn H)W** W},
§ Oszp, = [WFWVFLP(FCr — iFoH) fereDPW e WEWE

Table 1: Left: Basis of dimension-six SM operators classified as JJ-operators and loop-operators.
We also distinguish those that can arise from a supersymmetric D-term (") from those that break
supersymmetry either by an spurion Dan', T, |Dan'|? or |n|?. We denote by Fl, (Fﬁ,/) any SM gauge
(dual) field-strength. The t* matrices include the U(1)y, SU(2)r, and SU(3). generators, depending
on the quantum numbers of the fields involved. Fermion operators are written schematically with
f={Qr,ur,dgr, Lr,er}. Right: For each operator in the left column, we provide the super-operator
at which it is embedded.



Different Basis

From SILH by using:

1 1
Op = O + ZOWB + ZOBB :

1 1
Ow = Ogw + ZOWW + ZOWB

Hawigara etal. basis: Ow, Op — Oww, Ows

Grzadkowski etal. basis: Ow, 95, Oww, Oug — Oww, Ows, O, O;

92

Using also EoM: cwOw < W

3 1 1 3 f
—50n +206 + 50y + 5 %:OL

Y

g/2
CBOB << CB—=

g?

Y

1 1
—50r + 5 Ef: (Y{(’){ + Yg(’)};)




Affecting well-measured quantities

by operator mixing under the RG flow:

J. Elias-Miro, J.R. Espinosa, E. Masso,A.P. |3

16727,

1677,

1677,

167T2’yc(3)
L

167,

1672y, =

3
(Zl]\fcyt2 —9¢° — 39’2)CT + §g’2cH + 4Ncyt2(cR —cr), (65)

8 8
[2(4 + No)y; — 997 — §9/2] Cr + 59/2 [(Ne+ 1)crr + Necrr]

1
+2yt2 [ZCH —cr, + NCCLR — Q(NC + 1)633] , (66)

8 2 N,
[2(2 + Nc)th —9¢* — 59/2] cr + 59/2 [(QNC + 1)epr + CFsz + TCLR]

1
‘|‘?Jt2 {—ZCH — CR — 90(5’) —2N.cpr +4Nccrr, + 2 [CLL + CF 05;82} } ,  (67)

17 2

[2(1 + Neo)yi — 392 — 39/2] C(Lg) + 592 {CLL +Cp Cg}

1
+y} {ZCH — 3¢ — 2 [CLL +CFr cf}} } ; (68)
L 2 N B
39 {_(CH +cr) + 16Nccy } (69)
L
39H —(cg + 5er) + 5 Ne (2¢cg +cr) (70)

Acr = —0.0030 cgr + 0.16 (cz, — cg) < 0.002/¢€ |
Alcg + ew) = 0.010cyy — 0.083 ¢ — 0.041 ¢, — 0.25 ¢ < 0.003A% /M2 |

Alcr, + ¢

(3)
L

Y

| =0.014cp — 0.031 ¢p, + 0.057 Y — 0.17 ¢, — 0.0064 ¢

(8)
LL

+0.081 crp < 0.002/¢.

operators highly constrained
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3
167T2%v — [692 (392 T 9/2) + 12)\] KBB T [592 — 2)\] (kgw + KHB) -

hyZ.

7 1
16777, 2 = K.z [6y§ + 12\ — 592 — 59’2] + (kaw + kuB) |29 — 3¢® — 2 cos(26,,) ]

dominant in certain scenarios Kee<~0 & Knw-Kme=~0 at A\

e.g. H as PGB: <« H—H+c implies kes = 0
* Left-right symmetry implies Krnw=Krs

ol'(h — vy) | 55F(h%72)

Prediction: ~
I'(h — ) I'(h — ~2)




* Separation of operators depending on Tree-level vs Loop origin

* Renormalizable (weakly-coupled) theories = SUSY, ...

* Holographic models = Strongly-coupled in the
large N, large g”N limit

* Little Higgs =

“tree-level” operators (or “current-current”): |}

1
>WW< A2 J,U Jf b
>\N\/\/\/w< A2 J'u JH L

can arise from integrating out massive states snin=0,1/2.1

In




Other interesting one-loop effects:

J. Elias-Miro, J.R. Espinosa, E. Masso,A.P. 13

Breaking of universality:

8y? A 3y?cy A

cy, (my) = ¢y, (M) (1 — 167:'2 log m—h> — 16t772 log - ~ 0.88¢,, (mp) — 0.05¢cy |
i oA

() =y ) (1= 25 og ) = 0,986, (m) A=2TeV

0.00 S :

M SS M . 007 - 1-Loop 69,,,;,/Gnbb]
-0.02 7 0.06 * 1 —LOOp 6gh‘r‘r/ghﬂ"
g 005 _oeemmmTTTTTT Tree
\E —-0.04 - \8.: ! _
50.04
2 S
-0.06 7 0.03}
:* My =600 GeV 0.02:, M,;=600 GeV
_008 N e e ey, fFPprre—m—m—m—m—mmmm———
4 5 6 1 2 3 4 5 6




Other interesting one-loop effects:

J. Elias-Miro, J.R. Espinosa, E. Masso,A.P. 13

Breaking of universality:

8y7 A 3y? A
cy, (my) = ¢y, (M) (1 _ Y log —) _ SHCH log — ~ 0.88¢,, (mp) — 0.05¢y ,

1672 mpy 1672 mp
Vi A
Cyp (mh) — Cy, (mh) (1 o 1672 log m_h> = O’QSCyT (mh) ; A=2 Tev’

% 900

MSSM: O 800
Sw
=

S 600

Lower limit

0.05 0.10 0.15 0.20
OZ1bb/ &hbb

SR e— R



