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Introduction 1

Searches for New Physics today

@ No direct observations so far ! Up to now the LHC just found a Higgs.
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Introduction 2

The effective Lagrangian

@ |ow-energy effects of any heavy new physics are captured by higher-dimensional
operators,

Lo = Loy + Z %Oi + higher order terms E <A
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Introduction

The effective Lagrangian

@ |ow-energy effects of any heavy new physics are captured by higher-dimensional
operators,

Lo = Loy + Z %Oi + higher order terms E <A

@ Precision physics consists in getting information on a; , A

MODELS
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Introduction 3

Data for precision physics

Expected NP

SM background

" SM Standard candle" "NP smoking gun"
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Introduction 3

Data for precision physics

Expected NP

SM background
" SM Standard candle" "NP smoking gun"

@ This depends on the amount of data, as

Nlobs — Mg

/Mg

Discovery significance = (for large background)

Sylvain Fichet Light-by-light scattering from NP at the LHC



Introduction 4

Data for precision physics

@ The LEP legacy:

Best fit 68% 95%

5k~ || —0.016 | [—0.036,+0.02] | [—0.054,0.021]

597 | —0.018 | [—0.060,+0.024] | [—0.099, 0.066]

A || —0.022 | [-0.041, —0.003] | [—0.059,0.017]

Triple gauge couplings fit
(see also last LH report)

@ From LHC and Tevatron;
Nefvts

Hxy = O’(X — h)B(h — Y)EXY X L

Higgs couplings to the SM

Sylvain Fichet

0.5:IIII|IIII|IIII|\III\\\\\\IIIIIIIIIIIIII IIII:
= B 68%, 95%, 99% CL fit contours, U=0 -
0.4 — (SM_,: My=126 GeV, m =173 GeV) =
03 =
02 =
0.1F =
= =
F My, = 125.7 + 0.4 GeV =
0.1 = m, = 1K3.18 + 0.94 GeV ]
02 " SM Prediction E
03 with M, = [100,1000] GeV _3
b S, T parameters fit E
_0.5:IIII|IIII|IIII|\III\\\\\\IIIIIIIIIIIIIIlIIII:
05 04 -03 -0.2 0.4 0.
S
T
VH >
B TTH )
bb ——i
rr 0-1jet s
T VB —a
7T VH P
™ —.
]
untagged !
g’_)r’ VBE gg e
TIY 1
I
WW Q,1-jet ——i
WW 2-je{ i~ N
wWw ——t
ZZ untagged y
77 dijet 9 =
ZZ -
1
Combined 1:02404

VBF+VH (exc. vv)

Light-by-light scattering from NP at the LHC




Introduction 5

Data for precision physics

@ Fitting Higgs data is a big subject. Today we will just need

h h
EQm%VWJWM_ +az—my5(Z,)*

Lw}flree O aw .

0.96 < ay < 1.21 95% BCI (Assuming aw ~ az )

@ Obained through a Bayesian fit of the dimension-6 effective Lagrangian
[Dumont/SF/Gersdorff '13]
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Four-photon interactions at the LHC
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Four-photon interactions

Forward proton detectors

@ New detectors scheduled at CMS (CT-PPS) and ATLAS (AFP) to detect intact protons
from proton diffraction at small angles

- Pockets host detectors to keep them

separated from the primary vacuum

- Thin window thickness (250g1m): as thin as

possible to minimize p multiple scattering

- Floor thickness (300 um): minimized to get the
Ml detectors as close as possible to the beam

Thin window
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Four-photon interactions

Forward proton detectors

@ New detectors scheduled at CMS (CT-PPS) and ATLAS (AFP) to detect intact protons
from proton diffraction at small angles

- Pockets host detectors to keep them

separated from the primary vacuum

- Thin window thickness (250gim): as thin as

possible to minimize p multiple scattering

- Floor thickness (300 um): minimized to get the
Ml detectors as close as possible to the beam

Thin window

:-\.;;nﬁw"'&
@ Intact protons: all kinematics is known !

@ More details on the experimental setup : see Matthias' talk
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Four-photon interactions

Forward proton detectors

@ Proton diffraction can be studied with a good sensitivity.
Among the processes: light-by-light scattering

I A

84 v
« W{Yv central
central M\\ /

8l

forward

/ .
.
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Four-photon interactions

Forward proton detectors

@ Proton diffraction can be studied with a good sensitivity.
Among the processes: light-by-light scattering

\p/p' U

84 v
O M,YN central
central M\\ /

forward Y
(\\,,) D
p
Y Y
@ Can the SM process be observed ? Lﬁ |

@ Potential probe for new physics in 4-y vertices ?
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Four-photon interactions

Can the SM process be observed at the LHC ?
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Four-photon interactions

Can the SM process be observed at the LHC ?

*NO

@ Long answer. see Matthias' talk
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Four-photon interactions

Potential for new physics discovery: EFT regime

@ In the limit M>>E, new physics effects are enclosed in effective operators.
The study is model-independent in this limit.

@ What are the effective operators ?
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The dimension 8 effective Lagrangian

@ For quartic gauge couplings, one needs to go up ot dimension 8 operators

Legy ::%D“HTDPHD”HTDI,H s %DPHTDUHD"HTDPH
+ i—‘ZD"HTDPHBwB““ + %D’”HTDF,HW;UW“““ + %DPHTUfDPHB“HLiff“"
+ i—iD”HTDﬂHBN,B“P + E—ZD“HTDPHW;UWIHP
DH”"2 F~2 . comes with EW breaking
2 i—iB““Bw,Bﬂ”BM i i—iwm”w;y wirew? + %uﬂ““wjp wieow),
11 7 a 12 VTS a
-z B B ,W'"W,, + 2 W BT
o %BJLUB!}ﬂBpa Bﬂ.# + ‘il_lfwrfpﬂ wrjpwr.fpd Wz;'fp + i'_liwfﬂuﬁf!;fppyfﬂﬂ LVE;IP
Q18 i S Q17 Hpvyrrl oyl
+ 2 BB, WW], + L BEW, B W],.

F~4 : pure field strengh
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Four-photon interactions

Potential for new physics discovery: EFT regime

@ In the limit M>>E, new physics effects are enclosed in effective operators.
The study is model-independent in this limit.

@ What are the effective operators ?
In the broken phase, 2 operators parameterize any new physics contribution :

Loy =G FWFFEyFP7 + () F,, F'PF,, F7H
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Four-photon interactions

Potential for new physics discovery: EFT regime

@ In the limit M>>E, new physics effects are enclosed in effective operators.
The study is model-independent in this limit.

@ What are the effective operators ?
In the broken phase, 2 operators parameterize any new physics contribution :

Loy =G FWFFEyFP7 + () F,, F'PF,, F7H

@ The amplitudes are just :

1
g, Mipiy = 1 (4¢1 + 3¢2) 87

1
oMyt = —7 6+ ¢2) (5% +1° +u?)
azmM—i-—F—F— = 0.
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Four-photon interactions

Potential for new physics discovery: EFT regime
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Four-photon interactions

Potential for new physics discovery: EFT regime
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Four-photon interactions

Potential for new physics discovery: EFT regime

@ Simulation for 300 fb-1 , mu= 50 (medium luminosity) and 6000 fb-1, mu=200 (high
luminosity )

(] <9-107*° GeV™?
(J <2-107* GeV™*

medium

(7 <7-107" GeV™*

high
() <1.5-107" GeV 1

@ Results do not improve much at high luminosity because pile-up is higher

Sylvain Fichet Light-by-light scattering from NP at the LHC



New physics candidates for 4y

Sylvain Fichet Light-by-light scattering from NP at the LHC



New charged particles
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New physics candidates for 4y

: . : Y
Spin 0,1/2,1 contributions to F*3 , F*4 ; \/ f
[SF/Gersdorff '13] /)\\
@ All vertices are fixed by SU(2)xU(1) gauge invariance. A
e Ay

So contributions from new particles caracterized only by masses and quantum
numbers. So one can derive the contributions for arbitrary new physics. We use the
background field method to compute the loops.

@ Because it is SU(2)xU(1), traces Tfr'(tatbtc) , T'r‘(tatbtctd) can be computed
generally as a function of hypercharge Y and dimension of the SU(2) irrep d . For a
given model, the only remaining work is to decompose tg, FX Ddy !
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New physics candidates for 4y

: . : Y
Spin 0,1/2,1 contributions to FA3 , F*4 ; l{ f
[SF/Gersdorff '13] /)\\\
@ All vertices are fixed by SU(2)xU(1) gauge invariance. A
B oy

So contributions from new particles caracterized only by masses and quantum
numbers. So one can derive the contributions for arbitrary new physics. We use the
background field method to compute the loops.

@ Because it is SU(2)xU(1), traces Tfr'(tatbtc) , T'r‘(tatbtctd) can be computed
generally as a function of hypercharge Y and dimension of the SU(2) irrep d . For a
given model, the only remaining work is to decompose tg, FX Ddy !

® Apply this to the 4y vertices: Ly = ( Fu F*" Foo F?7 + (J F, FYPF o FF

(1 _ (1 _

g S =0 560 S —U

vy 2 4 —4 _ 1 1 _ 7 1

G =@e®@ m "Ncjs Cis=4—35 S=35, C2s=( 355 S=3
5) 27

\—3—2 S 1 \m S—l

Scalar loops are smaller !
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New physics candidates for 4y

Spin 0,1/2,1 charged particles in the EFT limit

@ In realistic models, electrically charged particles come with some multiplicity with
respect to e.m. For example they have multiplicity if they are colored. In the loop

formula this can be summarized by replacing () by
4 4 4
Q — Qeff = 1r Q

@ Model-independent results, depending only on m, Qeg, S

Light-by-light scattering from NP at the LHC
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New physics candidates for 4y

Spin 0,1/2,1 charged particles in the EFT limit

@ In realistic models, electrically charged particles come with some multiplicity with
respect to e.m. For example they have multiplicity if they are colored. In the loop
formula this can be summarized by replacing () by

Q" = Qe = tr Q*
@ Model-independent results, depending only on m, Qegr, S

@ In familiar BSM theories (at least their minimal form), (). hardly exceeds 3 or 4.
For these values, masses up to 800 GeV (500 GeV) for S=1 (S=1/2) can be reached.

@ But EFT is not valid anymore at these low masses
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New physics candidates for 4y

Qeff

Spin 1/2,1 charged particles for any mass

@ We implemented the full amplitudes in FPMC for S=1/2, 1.

9 — —
- Exotic fermions | ' '

8E

75_ l_i_ = 50

£ L=300f"
E 0.015<£<0.15 _ il

5 e

4

of- ’ 56d|scovery EFT limit (dashed black line)

£ o discovery 3o evidence ISEEGEN
5....i PO T [T TN SR T R TN T T O T 00 T

200 300 400 500 600 700 800 900 1000

m (GeV)

Qeff

9 : —

'5'_ Exotic vectors E
8E E
rEa =N E
s L=300"fb" pr 3
5%_ 0.015<&<0.15 ‘,{w _%
4E E
3F . E
oF- - Bo discovery - EFT limit (dashed black line)
1 s aiscovery S5 evidence I -
200 400 600 800 1000 1200 1400 1600 1800

m (GeV)

@ Result valid for any mass, model-independent, no ad-hoc form factors
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Warped KK gravitons
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New physics candidates for 4y

Warped extra dimensions

ds® = a(2) " *(ndx*dz” — dz?)
a(z) = kz (pure AdS)
z € |20,21] z0/z1 =€
V =|loge| = 37

k= ek

@ KK gravitons, radion, Higgs near the IR brane.

@ KK gravitons couple strongly to the photon through the 5d stress-energy tensor with
warped gravity strength k = k/Mp;

fog ¥
B y
-
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New physics candidates for 4y

WED : IR brane gauge scenario

_r v _* .
e T 16 my = 3.83k

@ Using our estimated sensitivities on zeta's and v = 2, KK gravitons can be detected

up to
me = 6.5 TeV
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New physics candidates for 4y

WED : bulk gauge scenario

@ We now have KK gauge fields,which contribute to S, T, Higgs, triple gauge couplings

@ |R brane EW kinetic terms are crucial
r r’

S )P+ (B,
SU@2)L U1y

Lir D
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New physics candidates for 4y

WED : bulk gauge scenario

TO00 |1

6000 |

snnn?l
k& 4000 -—
3nnnéz
znnn;

1000 |

® Inred, (] = (10_13, 10714 10719 GeV_4) from KK gravitons. (1mo = 3.83 l})

@ Using our EFT sensitivity, KK gravitons can be detected in the multi-TeV range
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The SIHD
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New physics candidates for 4y

Strongly-interacting heavy dilaton

@ BSM theories often feature a new strongly-coupled sector (e.g CH models). If
conformal in the UV, conformality is broken in the IR (at least by EWSB and QCD).

@ The spectrum then features a neutral scalar, the dilaton. Unless the theory is fine-
tuned, its mass is of order of the conformal breaking scale. In absence of fine-tuning,
the dilaton couplings are unsuppressed with respect to this scale. We call this the
Strongly-Interacting Heavy Dilaton (SIHD)
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New physics candidates for 4y

Strongly-interacting heavy dilaton

@ BSM theories often feature a new strongly-coupled sector (e.g CH models). If
conformal in the UV, conformality is broken in the IR (at least by EWSB and QCD).

@ The spectrum then features a neutral scalar, the dilaton. Unless the theory is fine-
tuned, its mass is of order of the conformal breaking scale. In absence of fine-tuning,
the dilaton couplings are unsuppressed with respect to this scale. We call this the
Strongly-Interacting Heavy Dilaton (SIHD)

@ The SIHD couples to the trace of the SE tensor qﬁT’“ The SE tensor contains S ZW
:>(F“’”) (Z“”) (I/V"‘“’)2 thus the tree-level dllaton exchange generates Cl

= F F'"F,, Fr? > - <

@ The contribution is large if one has a partially composite photon. For a pure composite
photon,

2 —» Mgy = 4.8TeV
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New physics candidates for 4y

EFT summary plot

=12 T T T T T T T ﬂ'! H T T T T T T T]
Lx10722. o . E
Lo8=2, N
brane y
1.x 1074 | -
ol s=112 '
. i
- e
- |-—— - g e 2
SR GE SIHD
f— Lt | o composite y b
NP
1.x 107 ™
1.x 10712
1. x 10712 1.x10™4 0 Lx10™1 1.x 10712
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Magnetic monopoles
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High-energy models 8

Open problem: Magnetic monopoles

@ [Ginzburg/Panfil 82']: Assume a heavy point-like monopole. Its Lagrangian is
unknown, but one can use electromagnetic duality to deduce its coupling to the

photon. ~
B — FE F,ul/_>FpJ1/ _27’(”” N
E—-B F,—>-F, 9= ¢ "€

4 4
N2 4 —4 g n
G = ag@ m " N ¢ s Giys — =3 Gis = <—) Ci,s
e 200,
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High-energy models 8

Open problem: Magnetic monopoles

@ [Ginzburg/Panfil 82']: Assume a heavy point-like monopole. Its Lagrangian is
unknown, but one can use electromagnetic duality to deduce its coupling to the

photon. ~
B — FE FILLI/_>F/JJI/ _27'('?1 N
E—-B F,—>-F, 9= ¢ "€

4 4
v 2 4, —4 g n
G = ag@ m " N ¢ s Giys — =3 Gis = (—) Ci,s
e 200,
@ Very nice reasoning... but what about higher loops ?

- As far as | understand, in the GP paper higher-loops are assumed to be absorbed by
renormalization. In reality this does not happen.

- The formal computation they provide goes through the background field method. This
computation provides only the one-loop result and neglects higher loops.

:> Open problem !

(let me know if you have any idea)
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Look at the EFT results for charged particles.
The zeta's grow fast with the spin...

(1 L
cl,s =4 —35 S=3
5 _

—35 S=1

Light-by-light scattering from NP at the LHC
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Higher-spin particles
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Higher-spin 8

EFT for higher-spin objects

@ Any strongly-interacting extension of the SM potentially features higher-spin
composites in its spectrum (analogous to higher-spin hadrons in QCD)

@ In low-energy strings scenarios, strings feature higher-spin excited modes

:> HS objects are well motivated
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Higher-spin 8

EFT for higher-spin objects

@ Any strongly-interacting extension of the SM potentially features higher-spin
composites in its spectrum (analogous to higher-spin hadrons in QCD)

@ In low-energy strings scenarios, strings feature higher-spin excited modes

:> HS objects are well motivated

@ Assuming the size of the high-spin object is small, it appears to be pointlike at low-
energy.

 EFT Lagrangian for higher-spin particles

Sylvain Fichet Light-by-light scattering from NP at the LHC



Higher-spin 8

Virtual effects of HS particles

® HS couplings to the SM have to be bilinear, ie £ 5 O¢ )¢
:> HS particles can be spotted in loops.

@ A very naive generalization of the background field computation gives

R
A

:> Light-by-light scattering may be a good place to look for HS particles

x S°

@ HS QFT computations: never done and challenging
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Summary
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Summary

Leg —— MODELS |

\@A/ \/

@ Forward proton detectors at the LHC will provide new precision measurements

@ Precision physics + EFT are powerful
(but be careful with inference on A )

p
@ We find from simulation that light-by-light scattering P % Yﬁ v
from NP can potentially be observed at the LHC14 " \ &
/Q‘
p
p
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Summary

- Leg éMODELSJ

L A \ /

@ Precision physics + EFT are powerful
(but be careful with inference on A )

@ Forward proton detectors at the LHC will provide new precision measurements

@ We find from simulation that light-by-light scattering P \%% Jﬂ v
from NP can potentially be observed at the LHC14 v S& @1
/Qs
p
p

@ Model-independent bounds on massive charged particles.
@ Warped KK gravitons and the SIHD can be detected in the multi-TeV range

@ Charged higher-spin particles might be detected through LbL scattering.
But first the QFT tools need to be set up — upcoming work, stay tuned !

Sylvain Fichet Light-by-light scattering from NP at the LHC



More
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Data and operators 4

The dimension 6 effective Lagrangian

@ Piece of the basis relevant for the available data: Potentially
__TTeeJeveI
Op> = |H|D,H|*,  Op:=|H'D,H? O = 2y;; fIH?HT, ¥,
a a Y Y _7a a 7Y Y
Op=JuguJiu; Op = e Osr =J5uJ¥us Cj;f =Jiudpu
|
Oww = H'H(WS,)?, Opp = H'H (B,,)*, Owp =H'W,,HB,, ,
Ows = ge' /Wi W, W .

Loop-level
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Data and operators 4

The dimension 6 effective Lagrangian

@ Piece of the basis relevant for the available data: Potentially

- Tree-level

Op> = [H|’|D,H?,  Op:=|H'D, H|2 Of = 2y;; f|H?HT, ¥,
a a Y ! 7Y Y

OD:JHquw OD_ wa qu‘]fw O4f_Jf,waw
|

Oww \fﬂ Opp = H'H (B, Owg=H W, HB,,,
Ows = gs”K Dﬁl/V Ffi Loop-level

@ Contribute to triple gauge couplings 1, k2, K3

Loge = —te(L+ k1) Fuy, Wy W, —igz(1 + k) Z, W, W,F ﬁ:; — 1+ ﬁ',;
- s ]

Sylvain Fichet Light-by-light scattering from NP at the LHC



Data and operators 4

The dimension 6 effective Lagrangian

@ Pjece of the basis relevant for the available data: Potentially
Tree-level
2 2 2 -
Op: = |H|?|D,H|*,  Ope =|H'D,H| Of = 2y;; f|HI*HY; ¥,

a a a a Y Y
OD:JH;LJf,uﬂ O’D:y\}};\#,]}fu’ O4f:JfﬂJfli’ Ozlf:Jf#Jfﬂ’

Oww = H'H H(W;,)?,
Ows = ge' 7™ Wﬁfuwjpwjf;\

)
Owp =H'W,,HB,, ,

Loop-level

@ Contribute to electroweak precision parameters S, T (and even more at loop level)
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Data and operators 4

The dimension 6 effective Lagrangian

@ Pjece of the basis relevant for the available data: Potentially
- Tree-level
! 7Y Y
OD_ wa OD_JHquw O4f_']fu‘]fw O4f_Jf,waw

|
Oww = a2, Opp = H'H (B,,)*, Owp =H'W,,HB,, ,
Ows = QEIJKW WK Loop-level

@ Contribute to Higgs couplings aw,z, C; and (;

h h oo
E}Tee — aW—Qm%/W:W; + a,Z;mzz (Z)u)2 - Z c@-—mf\I/L\IIR — h.c.

+Ch(Fuw)? + Cgh(Gun)? + C2h(Zu)? + +Hw hW+W y + CzyhZy Fuy
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Data and operators 4

The dimension 6 effective Lagrangian

@ Piece of the basis relevant for the available data: Potentially
Tree-level
Op> = |H*|D,H|*,  Op:=|H'D,H? Of = 2y;; fIH*HY, ¥,
Op =Jygudf., Ob:Jngfﬂ, Our =Ty, Iy 0 O;f:J?uJ}fu?
Oww =H'H(WS,)?,  Opp=HH(B,)*, Owp=H W,HB,,,
Ows = gé‘IJKWI WJ WK Loop-level

@ Contribute to Higgs couplings aw, z, ¢; and G

h

h h _
E}Tee — aW—Qm%/W:W; + a,Z;mzz (Z)u)2 - Z c@-—mf\I/L\IIR — h.c.

+Ch(E

v)" + Ch(G

)2+ Czh(Z)? + +Cw h,W+ W 4 Cz0hZyy Fou

Sylvain Fichet
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Data and operators 4

The dimension 6 effective Lagrangian

@ Pjece of the basis relevant for the available data: Potentially
- Tree-level
Op: = |[H’|D,H|*,  Ops =|H'D,HJ? Of = 2y;; fIH*HY, ¥,
a a Y Y _7a a ! 7Y Y
Op=JuguJiu; Ob:JHquuﬂ Osr =J5uJ¥us Osr =Jsudsu

|
Oww =H'H(WS,)?, Opp=HH(B,)*, Owp=H W,HB,,,

_T1JKyI yrd K
Ows =ge " "W, W, W, .

Loop-level

@ We performed a (Bayesian) global fit of these operators [Dumont/SF/Gersdorff '13]

@ Result to keep for today :
0.96 < ay < 1.21 95% BCI

(Assuming aw ~ az )
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Higgs precision physics

@ h — Z~ can be enhanced up to a factor 12 (95% BC)

Some results...

Probability density

Ry, =

I'(h = Zy)np

L'(h — Z7)sm

10
Rz,

for democratic HDOs and up to a factor 4
(95% BC) for loop-suppressed O rp's &
0 5
& =
° ¢ . Bottom and total width can be
£ : enhanced together
; a
4 05 0 05 1 g 1 5 3 N
B 9 Ryiam e
~14 By =1+ ape =
Cb b bz o
=
2
@ The top coupling is suppressed -
0 015 1I 1.5 2
Ct
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Gauge precision physics

The anomalous Lagrangian in the broken phase

0
~» £nce = Lyge + Lrac
Lest = Lyin + Lecace + Lnae
SM, e,
™ Loco = LogE + Lo
@ The L piece comes with EWSB. It dominates for £/ < v
The £° piece has only field strengths. It dominates for v < £ < A (if no GBs on legs)

ﬁ%lgcv = —ie(1+ k1) Fu, Wy W, —igz(1 + kp) 2, W, WS

. 2 - S
—igz(L+ o) [, 2 WL 2 2+ m? (W PIZE - 12,00, )

1
L (Lt g VW = WW )2 4 0V PR W AW, il FOVE, WHW
2

s
Assuming broken SU(2)xU(1), one has k2 = K3 — K1 — Ky =14 K1
Cw Kz =14 ko

Z z Z

° Nac =M F" FuwZyZp + 03 F* Fuo 2, Zs 91 =1+ kK3
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Gauge precision physics

The anomalous Lagrangian in the broken phase

Lnce = LRge + Liae
_——»
Lot = Lxin + Loae + Lnae

SM,

™ Loco = Logo + Lac

o L2ac =N iz Zu (Wi Wt — W W) | + X7 [ieFu (WL Wa — WAW,,)]
+ (VP F, WHPIWo, + G PP E,, WP W,
+ (3 FPWEFPOW 5, + ¢ FFWEFPW Keep only

> 2~ operators

oLt =P B PP B + (P, PP I
+ (VPP FP° 7y + () FME,, F° Z,,
+ CEFY 2P Zpy + CEFMF,, 27 Z s,
+ CE P 2 FP Zpg + (EFH 2, FP° Zgy
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Gauge precision physics

The background field method

@ Decompose gauge fields into background and fluctuation A" — A" + A"  Plug
into the generating functional, integrate over fluctuations :

St = +5 log (=D” = m3)
Sl = =5 log (~D? = m} + g 5" Vi, 15) |
1

i .
X = 5 log (—[D* + mx|nu. + 2ig V;th;() un ; (1-2)log (—D? — m¥%)

@ The one-loop effective action remains covariant in background fields. To obtain the 3
and 4-point functions one expands at 3rd and 4th order. Coefficients (Gilkey-De Witt)
of the expansion are computed in [Gilkey '75, Tseytlin et al '83, 88'].

3 1 1 1\ (@~ 1)d
o £~ 9 |_ _
£ T ( [4dmZ " 36m3 48m§() . Ow
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Gauge precision physics

1 1 7
o ®) 5 . il D
< 167r2 meg {576J£l 7203_'_ 42OC+ 35 }

1 7 104,
1. —B——C
+167r2m‘3%{ 36 105 ' 35 }

1 342
S SN —B =g :
T n { 64 140 ' 35 }

d* —1)d d? —1)(d? — 4)d
o A=g*dY*Os+g" %094‘( ) )010 Depend only on
0 120 Y
2 (@ =1)d_, e
+9°g TY (011 +2019),
(@ —1) (& —9)(d - 1) Scalar loops are small
d*—1)d d“—9)(d*—1)d
. perdl 1
B=g¢g"dY"O13+g ( 720 O14 + A0 015)
d?> —1)d
+9°9" %YQ (2016 + O17) .
d(d? —1) d(d? — 1)
=gt/ - D=gq? -
C=g 1150 (O10 — O9), 9 —{ir3 (O15 — O14),
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Composite Higgs models

® Consider G = SO(4+ N), H = SO(4), and embeddings into the fundamental
F, /3 and the traceless symmetric Sy/3

@ Decomposition under G — Ggw :

Sa/3=35/3®32/35B3_1/3BN X (21/6 B +27/6)

@ Patterns:

Sylvain Fichet

Fo/3=21/6®27/6 N X133
N(N +1)

1a/3 Elf.rﬁ 276 353 @& 33{;3 B3 1/3

X2 0 Epxi1e~t | Lyxiao 0.002

¢7 | -1.0x107% [ -1.1 x 107% | —4.1 x 107° —0.5 x 1074
7 | 22x10°% | -58x10~% | —1.7 x 107° = B L
¢Z | -0.6x107% | —43x107% | —=1.3 x 107® -2.1x 1074

2 | 29x10°% | 1.2x10°% | 11 x 107 1.0 x 101
74 | —6.2%x107% | 3.0x10% | 3.4 x10°8 4.6 x 104

F | 34x107% | -26x107%| 5.0x107° .75 1074
(£ | -1.2x107% | —86x107% | —2.7x 107 47 w1074
¢Z | 1.7x107% [ -01x107%| 2.5x107° 2.8 x 104
il 0 -12x107% | =7.2x107° -3.3 x 1074
i 0 38 x 107 37 x 10~% 113104
i 0 -25x 107% | —12x 107° -3.9x10™*
(W 0 -28 x 1076 | 14 x 10-5 1 1054
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Warped extra-dimensions Bulk gauge scenario

The electroweak and Higgs precision observables

small v2
° S = (zswcwa}é -+ 82 (@— 2le4f) + C%U( — 205?4]:)) F
2
7= (b 30)
1 1 v’
=1 (3 Yoo e+ 3or) 5

2 2
® S TwithBKTs: S =27 fo(v) (1—|—(fr—|—fr’) +V) v
3+v) k2
7TV '\ v?

T'= — f1( ) ( V) 72 (non-Custodial), T'=0 (Custodial)

3g% + 3¢’
@ Higgscouplings:ayz ~aw ~ 1 — J + I Qfl —  (Custodial)

/12
aw —az X g

@ With BKTs: ayyy — az strongly depends on 7’
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A statistical aside

o7 .
Leg = Loy + Z A—;O?; + higher order terms E < A
i
@ No one actually tried yet to get information on A . If you try, you get a a distribution
like
A A
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A statistical aside

o7 .
Leg = Loy + Z A—;O?; + higher order terms E < A
i
@ No one actually tried yet to get information on A . If you try, you get a a distribution
like
A A

> >

A A

@ These distributions are not normalized (" unproper"), so one cannot quantify properly
the credibility intervals.

WHY ?
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A statistical aside

L

@ Thisis because P(A — ocold) — A

@ However by definition L. = L g is not testable. So the slice of parameter space such
that L = Lgps should be excluded from the inference process.

A L
. s 4 = A
A
|
|
A gl
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A statistical aside

L

@ Thisis because P(A — ocold) — A

@ However by definition L = L g, is not testable. So the slice of parameter space such
that L = Lgps should be excluded from the inference process.

A L
- >
— m A m A
A
|
|
A gl

@ Easy to implement using MCMCs. Convergence proof involves measure theory and
Lesbegue integration.

Keep in mind if you want to evaluate the new physics scale from data !
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Four-photon interactions

SM four-photon processes

Y
@ Occurs through quark, lepton and W loops \/ f

g, L, WE

T

@ At high energy, fermion amplltudes are constant with respect to energy, while
the W loop goes as log[s/m3]”

~  The W loop dominates at high energy.

@ Exclusive two-photon production:
there are also QCD graphs
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Four-photon interactions

Potential for new physics discovery: EFT regime

@ The NP signal is controlled by

‘M‘Q — ‘MSMP = ‘MNP‘Q + 2Re[M sy Mpyp]
N Interference

@ Not obvious what cut is optimal, as M gs appears both
in the background and the signal. We find it is the one
cutting M g, as much as possible.
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Four-photon interactions

Potential for new physics discovery: EFT regime

@ The NP signal is controlled by
‘M‘Q — ‘MSMP = ‘MNP‘Q + 2Re[M sy Mpyp]

@ Not obvious what cut is optimal, as M gs appears both
in the background and the signal. We find it is the one
cutting M g, as much as possible.

@ With such cuts,

U Interference

do

A0~ 1672 s

(s + ¢ + st)° [48(¢1)* + 4016 + 11(¢2)?]

@ A single angle-independent combination appears !
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Higher-spin 8

QFT for higher spin

@ Never done and challenging
@ HS particle always feature higher-dimensional interactions in QED M>D— ...

@ Various, equivalent Lagrangians exist. Exact computations are rather heavy even for
Mathematica. Probably we will set up approximations

Sylvain Fichet Light-by-light scattering from NP at the LHC



Higher-spin 8

QFT for higher spin

@ Never done and challenging
@ HS particle always feature higher-dimensional interactions in QED M>D— ...

@ Various, equivalent Lagrangians exist. Exact computations are rather heavy even for
Mathematica. Probably we will set up approximations

S
A () Leading Regge trajectory
A - T ;;:/f;f%i*f*fw——‘—\n\\\

Y A —

@ g% "Weak binding", IargeE
@ S eT— -
 Stong binding’
— rong |r/1/|ng )" »S
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