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THE PARTICLE PHYSICS WORLD
HAS CHANGED DRAMATICALLY
IN THE LAST DECADE

* The triumph of the Standard Model

* European Strategy Study and
Snowmass Study inspire us to think
about the future

* What is missing from our knowledge
of the Higgs!?

S. Dawson 0



IN THE LAST I
YEARS....

2012: LHC discovered a Higgs
boson; it appears to have
predicted properties




THE SM IS SIMPLE AND PREDICTIVE

» SU(3) x SU(2) x U(I)

* Electroweak sector described in terms of
masses and 3 inputs

. + LI/B)L +he
* Typically G; a, Mz - T g
* Particle couplings fixed £ +|9~F‘|2)'\}(¢> |

Only unknown parameter
is Higgs mass

Testable model !

S. Dawson G



SM PROCESSES APPEAR TO HAVE
PREDICTED RATES
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STANDARD MODEL WORKS

LQ1(g) x2
LQ1(e)+LQ1(v)
LQ2(j) x2 -
LQ2(u+LQ2(v) coloron(j) x2
tgg‘(:g: :g Le pthUG I'kS coloron(4j) x2
LQ3(tt) x2
Lo:u(vo’ :2 gluino(3j) x2
Single LQ1 (A=1)
Single LQ2 (A=1) gluino(jjb) x2
0 1 2 3 4 Tev
—_—y RS Gravitons [N

RS1(ee,up), k=0.1 ADD (+MET), nED=4, MD

RS1(yy), k=0.1

ADD (ee,up), nED=4,

0 1 2 3 4 ADD (yy), nED=4, MS.

TeV
L3 L3 ADD (jj), nED=4, MS
CMS Preliminary
NR BH, nED=6, MD=4 TeV
QBH (jj), nEl MD=4 TeV
som ZI(.“) ) Jet Extinction Scale
sonzen RS P
SSM Z'(ee)+Z'(uh) )
SSM W'() )
SSM W'(v) ) dijets, A+ LL/RR
0 1 2 3 4 5 TeV dijets, A- LL/RR

dimuons, A+ LLIM
dimuons, A- LLIM
dielectrons, A+ LLIM
dielectrons, A- LLIM
single e, A HnCM
single y, A HnCM
inclusive jets, A+
inclusive jets, A-

Excited

Fermions

S. Dawson, BNL

Multijet
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Large Exira
Dimensions

012345678 910111213141516171819 TeV

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: March 2022 f_[ dt = (3.6—139) fbt V5=8,13TeV
Model Cy Jetsi ET™ [ram) Limit Reference
T
@U ADD Gk +8/q Ocpry 1-4j Yes 139 |Mg 210210874
.S | ADD non-resonant yy 2y - - 367 |Ms 1707.04147
2 | ADDQBH - 2j - 370 | Mg 170300127
S | ADDBH multjet - 2Bj - 36 | Ma 1512.02586
E  RS1Gk - 2y - - 139 | Gy mass 210213405
'S BukRS Gk — WW/ZZ multi-channel 36.1 [ G mass 1808.02380
g Bulk RS Gkx — WV — fvaq e, 2j/1J  Yes 139 | Gkk mass 2004.14636
& | BukRSguc— it Ten 2102102 Yes 361 | mocmass 1804.10823
2UED/ RPP. Teu  >2b23j Yes 361 | Kkmass 1803.09678
SSMZ' - ¢ 2en - - 139 |z 1903.06248
SSMZ' - rr 27 - - 361 |zmass 1700.07242
€ Lepiophobic 2/ — bb - 2b ~ 361 | 2'mass 1805.00209
®  Leptophobic Z' — tt Oeu >1b22J Yes 139 |2 mass 2005.05138
8 ssuw oo Tew = Yes 139 |Wmass 1006 05609
@ | SSMW - 1T S Yes 139 |Wrmass ATLAS-CONF-2021-025
D SSMW -t - xb>1y - 139 [Womass ATLAS CONF-2021.043
& | AW Wz Oggmodel few 201100 Yes 139 | W mass 4.1
HVT W' — WZ — v ¢ model G 3e.n 2j(VBF)  Yes 139 | W mass 340 GeV. ATLAS CONF-2022.005
HVT W’ — WH model B Oep  21b,22J 139 m 32Tev s =3 2007.05293
LRSM W — g 2 - 80 | Wemass 5.0Tev m(Ne) = 05 TV, g1 = g5 1904.12679
Clqqqq - 370 |A 218TeV 7, 1703.09127
—  Clilq - 13 | BTV 2006.12946
O | Cleebs - 139 | A 1.8TeV 210513847
Cluubs - 13 |a 20TeV 2105.13847
Clett Yes 361 [A 257TeV 181102305
Axial-vector med. (Dirac DM) -4]  Yes 139 |ees 217ev 2102.10874
= Pseudo-scalar med. (Dirac M) , “4]  Yes 139 [ Minea 376 GeV 2102.10874
S Vector med. Z'-2HDM (Dirac DM) ~ 0 e, 26 Yes 139 | 31 Tev 13391
Pseudo-scalar med. 2HDM+a__ multi-channel 139 [ Mines 560 GeV. ATLAS-CONF-2021.036
Scalar LQ 1% gen 2e Yes 139 |Lamass 1.8TeV 2006.05872
Scalar LQ 2" gen 24 Yes 139 [LQmass 1.7 TeV 2006.05872
o ScalarlQ3? gen 17 Yes 139 |LQimass 12V 2108.07665
S ScalarLQ 3" gen Oen Yes 139 |LQymass 1246V 2004.14060
Scalar LQ 3" gen 22eu>721)>1b - 139 [LOjmass 1l Tev 210111582
Scalar LQ 3" gen Oeju>170-2.2b Yes 139 |LO3mass 12406V, 210112527
Vector LQ 3¢ gen 1t 2b Yes 139 | [LQimass 1.77 TeV 2108.07665
VLQ TT - Zt + X 2e/2u3ep >1b,21) — 139 | Timass Tev SU(2) doudlet ATLAS-CONF-2021-024
29 VBB WyZbi X multi-channel 361 | Bmass 13 Tev SU(2) doublet 1808.02343
S§ VIQTosToslTys > Wet X 2(88)23euz1b21] Yes 361 | Tosmass 64 TeV B(Tya — We)= 1, ¢(TopWe)= 1 07.11
25 vaT-Hyze 21b,23] Yes 139 [ Tmass 1.8TeV SU(2)singlet, ATLAS CONF-2021.040
VLQ Y — Wb ten b2 Yes 361 B(Y — Wh)= 1, co(Wb)= 1 1207
VLQ B — Hb Ocp 22621210 — 139 SU(2) doublet, = 0.3 ATLAS-CONF-2021-018
F2 Ectedaurkq g - 2j - 18 67TeV only u and @", A = m(q') 1910.08447
8§ Excitedquarkq’ - qy 1y 1 - 367 53TeV only u and &', A = m(q") 1709.10440
TE Excedauark b — bg - 161 - 361 180509299
@ § Exciedlepton * 3epn - - 203 A=30Tev 14112021
Excited lepton »* Sept - - 208 A-16TeV 14112921
Type Il Seesaw 234eu  =2)  Yes 139 220202039
LRSM Majorana v u 2] — 361 | Nemass 32TeV m(We) = 41TeV, g, = gr 1809.11105
Higgs triplet H** — W*W* 234 :(SS) various  Yes 139 | HE mass 350 GeV' DY production 961
Higgs triplet H** — (¢ 234 e.u(S9) = 139 | Hetmass 1,087 DY production ATLAS CONF-2022.010
S | Higgs triplet K= = o et - - 203 DY procuction, B(H;* (<) 411,292
Multi-charged particles - - - 361 | mult-charged partcie mass 1.22ffev DY production, ] = 5e 1812.03673
Magnetic monopoles - - - 344 | monopolemass zﬂ f 237Tev OY production, ] = Lgo, spin 1/2 1905.10130
Vs=13TeV  Vs=13TeV L T
partial data full data 10 10 Mass scale [TeV]
*Only a selection of the available mass limits on new states or phenomena is shown.
Small-radius (large-radius) jets are denoted by the letter j (J)

New physics is heavy




CONSISTENCY AT THE
QUANTUM LEVEL

* W boson mass is a prediction of the theory

* At the quantum level contributions from the top quark and the Higgs boson

M2
My, ~ 80.94 GeV @246 Gtev)Q g(MI%,) +.

Top, Higgs / \
calculable
A% \/‘/\/W
* Infinite without Higgs boson

S. Dawson 0




AND EVERYTHING IS REASONABLY
CONSISTENT WITH ELECTROWEAK

PRECISION....
%' | 68% and 95% probability confours
Fit without M,,,, m, and m,
* SM works at the 9 " [T_1] Fit without M,, and m,
c - [0 Full Fit
quantum Ievel | [T_T] Experimental measurements
. . .
Myy is a predicted a0l
quantity
s
7z
150 |-
| | | P A | | | | | | | |
80.3 80.4 80.5
Mw [GeV]

De Blas, Pierini, Reini, Silvestrini, 2204.04204


https://arxiv.org/pdf/2204.04204.pdf

ALL DATA SO FAR CONSISTENT
WITH....




* How do we know if the SM
IS THERE with the Higgs is just the low
MORE? energy manifestation of
some more complete model
that exists at high scales?

S. Dawson o



HIGH SCALE DECOUPLING

* Suppose there is a new particle X, with mass My>>M,y

* SM scattering: . p s
SM M%
* Contribution from X: X 7%
Ay ~ 2%

* Scattering rate: 2 2

9 9x
o osm + Mg(

— OSM

Effects of X vanish as 1/My? for weak coupling



THE HIGGS IS DIFFERENT

* Particles whose couplings are proportional to mass don’t decouple

f W,Z

.m 2
___________ < ims < M e
H v H v

W,Z

* Longitudinal polarizations also change counting

This suggests that the Higgs sector is a good
place to begin our search for new physics




REVIEW OF HIGGS COUPLINGS

* Couplings to fermions proportional to mass: —Hff

* Couplings to massive gauge bosons proportional to (mass)?:
H o H
2Miy —W,FW ™+ + M~ 2, 2"

* Couplings to massless gauge bosons at | -loop:*
a H a H

(6%
F s —GA G4 4+ F Mwy)— —F,, F* + F My)—7—F,,Z"
(™) Tor 5 + Flmyp, Mw) g~ Fy Il W)gwsw g~
* Higgs seIf—coupllngs proportional to M, %
Mg, ., ME,.s M.,
THp H H
2 T o 2v o Sv2

Only unpredicted parameter is My

* Normalization is such that F—1 for M, M\y— «



HIGGS PRODUCTION AT A HADRON COLLIDER

grsmsED) Most important processes: ;
gg — H
t _H

qq — qqH \H
95T ,\ qq — VH g "
Direct measurement
of tth Yukawa

Depends on new qq,gg — ttH

physics in loop

W/Z

N
AN
) I I

Vanishes if v=0: Fundamental test of EWSB mechanism G



TESTING HIGGS COUPLINGS: «x APPROACH

* Assume no new resonances/zero width approx/no new tensor structures

il jj
o - BR(ii — H — jj) = 2435
'y
* Define scaling factors «

SM gauge invariance requires k=1

Doing this spoils unitarity cancellations, gauge invariance. ...



HIGGS COUPLINGS: k« FRAMEWORK

9g.

@ N
(%% o
Example: ‘?’:\__H_Cg_\"
99 >H—=yy 5 L
& 1

g

Ky

(o-.BR)(gg—>H—>77)=[0'(99—>H)’BR(H—>77)}5MX - .zK;

Kf, is the scale factor to the total Higgs decay width
Kh =) K2 -BR(H—> xx) —MoBM=r 5 42 =" k2. BR,,, (H — xx)

X

With BSM decays N Kf’ :ZK; . BRSM (H —)XX)
1-BR;,,

Fits typically done under both assumptions

(Crucial to read the fine print!)

Note dependence
on total width




K RESCALING OF HIGGS COUPLINGS

* Problems:
* Gauge invariance requires k=|
* Higgs couplings not free parameters in SM
* Not a consistent field theory — no higher order corrections
* EW corrections don’t factorize (can’t be included)
* No kinematic information

* Higgs coupling measurements cannot be combined with other measurements



EFFECTIVE FIELD THEORY

* Assume all new physics is at a higher scale than current measurements

* See what we can learn by looking at corrections to SM predictions

from unknown higher scale physics

* Can connect data from different sectors (Higgs, top, electroweak) for

more information

» Effective field theories are consistent theories where corrections can
be calculated in terms of some expansion parameter

S. Dawson, BNL



FAMILIAR EXAMPLE OF EFFECTIVE THEORY

* 1 decay: Gives very precisely measured Ge~10~ GeV?

Gr _
Alow energy — —%(’(ﬂ’yu(l - 75)¢)(¢7M(1 - 75)¢)

u‘.{ . 5w * 4 fermion interaction rate grows with energy ~ G¢2 (Energy)?

* Theory only makes sense for Energy < 600 GeV

2
G — — 1
e In the SM: Ahigh energy — ?(IWMPLWW%PLW (qg - M2 )
w
Gp 9°
2 2
<< My — =
Predict coefficients of low energy effective theory in terms of UV physics

S. Dawson G

* Match at low q?




EFFECTIVE FIELD THEORY FRAMEWORK

* Assume SU(3) x SU(2) x U(I) gauge theory with no new light particles
* Assume Higgs particle is part of SU(2) doublet (defines SMEFT)

* SMis low energy limit of effective field theory with towers of higher dimension

operators
-0~ + %

L= LSM+/A \ A

BSM Effects  SM Particles

d=8 |
40

* Many possible operators, must choose relevant set (typically ~20-30 in current fits)

* Power of SMEFT is that it connects top, Higgs, EW physics processes @



COUNTING DIMENSIONS

* [w]~3/2 SMis dimension 4 [EWMDMQM ~ 4

* [o]~]

L] Only | dim-5 operator(for | generation) and it violates
* W~ lepton number conservation
* [D ]~

(STL)TC(PILL) ¢ =ioad

Usually start our EFT at dimension-6

S. Dawson, BNL



EXAMPLE OF CONSTRUCTING OPERATORS

* Take any SM interaction, say L ~ —ig,iy"T*tG"
* Tack on ¢'¢ T
L~ l—z’gst'y”TAtGZ] Ctg (if)

* Generate redefinition of SM terms plus Higgs couplings from

(H + v)? A v? +20H + H?
¢T¢ _ 5 L ~ —ngt’}/MT tG,u Ctg A2
2
* First term redefines o, o, —aJ" (1 + %)

Change SM interactions in gauge invariant manner

*ttGH and ttGH are correlated!



CONSTRUCT SMEFT FOR GAUGE INTERACTIONS

Change
definitions of
input
parameters

S. Dawson

8s (quqb)GﬁyG'uy’A Ong 1 gg! H
g (¢'¢)Bu,B" ) Oup: H — vy
g (pTo)Wi, W Opw : H— 2y

I

Take SM opeliators and add
d'6 = 5(H +v)°

Warsaw basis operator Example effects

Gauge fields not canonically normalized

Also mixed contribution: Oyywg = (! "2 )WS! B M

Opwe ~ S parameter



NO UNIQUE BASIS FOR OPERATORS

* Write down an operator
* Use equations of motion to generate new operator
* Need to find an independent set of operators
* Most commonly used basis is called Warsaw Basis
Example:
(D'GH )2 IEHIE, IAM = gl (o qua (FIHTAT)

Equations of motion take derivative

operator to 4-fermion operator
S. Dawson, BNL



WARSAW BASIS

(LL)(LL) (RR)(RR) (LL)(RR)
Qu Gl ) Tfl) || Qe | Eme)Ente) | Qe | (Gyd)(Ente)
Y | @) @ne) | Qu (upv,,ur)(un w) | Q| (Gl (@atu)
% | @ma) @ ) | Qu (dyvud,)(dy*dy) Qu (Ll (o dy)
A | Gl @a) | Qu | Eme)@auw) | Qo | (@a)(Eae)
A | L)@ a) | Qua | (e per( dy) | (@) (@ )
O @) (da®d) W | (@T ) (@7 TAw)
Q) | (@nuTAu)(der*TAdy) | Q% | (@vuge)(dirdy)
QY | (GTq,)(dn*TAdy)
(LR)(RL) and (LR)(LR) B-violating
Qued (Be:)(dol) Quug o1, [(d2)TCuf] [(q1)TClE]
QW (@w)en(dd) | Qo P12 [(g9)T Cqf] [(u2)T Cer)
QY s | (@Tu)eia(@Tdy) || Qug 18 sk [(g87)TCqf¥] [(qrm)T Clp)
Qv | (Bese(@dfu) || Qu e [(d2)"Cuf] [(u])" Cer]
Q. | (Bowe)esu(gha™ u)

Derivative operators introduce new structures into kinematic distributions

X3 ‘15'6 and 374D2 ¢,2¢3
Qe | fAECGIGEeGE || Q, (vte)? Qs (¢t (lerp)
Qo | FAEGIGHGE | Qa |  (Wo)Oe) | Que | (#Ho)Gud)
Qw | EWIWIeWEe | Qup | (¢'D¢)" (¢!Dup) || Qup ote)(gpd,0)
Qw | EWIrwlewke
X2:p2 #,2 X 7 '»{"2 \pz D
Qe | ¢eaac™ [ Quw]| Gore)roWl | QW | (#iD.0)G)
Qu | #eCAG™ | Qe | (owe)oBu | QF | (HiDLo)Gr'vL)
Qv | deWiwi | Qu | @0 T*u)FGh | Qu | (#iD,¢)(en*e)
Qi | FeWLW™ | Qur | @ou) W), | &R | (D, 0) @)
Qs | ¢eBuB” | Q| @ow)FBa | & | (iDle)@rve)
Qi | ¢eBuB” | Q| (GoTd)pGh | Qum | (¢iD,¢)(H"ur)
Q.wp Wifl¢”";ﬂ,3’w Qaw | (go™d,)"e ”’Zu Qea | (pliD, ) (dpy d,)
Qe | ¢'TeWuB” | Qi | @0"d)¢Bu | Qua| i(#Dup)(apd,)
+.....
 Start from SM Lagrangian and add (¢"¢) to all terms
* The interesting operators are those with derivatives
[ J
[ J

Most of 2499 operators come from flavor permutations

S. Dawson




COMPLICATED

* Power of SMEFT is
connection of data
from different
processes

* Eventually, EIC will
contribute to this
picture

S. Dawson

I
(0]

o}
I

I

h=
I

(OOOFIOOOOO\

\_

S o8 Cu Cu

EWPO

f —— Diboson ——
Cw tev
H ! ( \
c:HWB C:HD CII C(l)
N C.. CO CR o
HW CHQ

C8

.

C. Cif C& Ci,
CtG Ct?i Ct?] Ct?q
K 187

Higgs
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S. Dawson

SCALES AND THE EFT

UV Model ! C(A)

|

dcw -, 1
dlogu‘ 11612
EFT!  C(Mw)

"i G

Matching

Running

Precision

Assume large separation of scales




ADVANTAGES OF SMEFT APPROACH

* Quantum field theory where calculations done order by order in I/A
* Compute cross sections without knowing high scale (UV) physics

* Systematically improvable

* At this level, SMEFT calculations are model independent

* Measurements interpreted in terms of SMEFT coefficients

* Can compare very different classes of measurements

Sounds good, but how does this work in practice?

And even more important, how model independent is this!?

S. Dawson




HIGGS COUPLINGS TO GLUONS

* Largest contribution in SM is from top quarks
* (Hff coupling ~ m¢/v)
* Not a direct measurement of ttH coupling since there could be new particles in loop

Contribution of b quark ~ -4%

o GEEEEEG . No direct ggH , yyH couplings since Higgs couples to
mass

g 99999999



HEAVY MASS STATES AND SM

* Most familiar example of non-decoupling is gluon fusion with heavy
chiral fermion:

n &
%I

,‘$u'!&

. — 1] # W
g “CEEEEG Ciin o HOHRME| & <

$$ﬁ|

H ¢ For heavy chiral fermion, F,, —-4/3, independent of mass

o 99990009 * This result can be derived from the effective Lagrangian

12" 2

Lerr = | # |7 Gy G

H + v

2

Question: Why does this logic show that there can’t be a SM-like 4" generation?




GLUON FUSION IN THE SMEFT

C C
L =Lsm + lHS Onc lt—gOtH
! H [} ]
b Yo e + t—';' Ig Ftr + he + —2(" )Gy G

* Changes relationship between top mass and SM Yukawa, Y :

V2

v
mt:!—é " Y CtH

+F

x M vZ Cyyy

* Changes ttH coupling: —

12 Y,

S. Dawson



WHAT DOES GLUON FUSION MEASURE?

» gg —H cannot distinguish effective ggH coupling from
modification to Yukawa coupling in the large m, limit

* Flat directions like this are common in SMEFT )

v 12 Che ,, Cw Only sensitive to C/A2
A(gg! H)" A 1+ #

(99 ) M | 2 " Y Assumptions about
scale require

::D. assumptions about C
: } Need to combine

measurements to get limits
on SMEFT parameters

S. Dawson *Agym approximated by m— limit




IDENTIFY SMEFT COEFFICIENTS

* |Is the ttH coupling the Standard Model coupling?
* Non-SM contributions change rate/distributions XZ

| HL" LHC 3000fb™* ] I Observation of gluon fusion
' production of Higgs at

N
o

[EEY
o
—

=4
£
S ] expected rate doesnOt mean
T o * Higgs has SMH coupling
= ; ' NeedttH production
< 101 ppt tiH ; I High luminosity will pin
Z .. | ppt H ] down coupling
20¢ pp! Hj ]

"0.04 "002 000 002 0.0
Non-SM ggH coupling

*tH production is sensitive

to the sign of the coupling
Maltoni, Vryonidou, Zhang, Arxiv:1607.05330


https://arxiv.org/pdf/1607.05330.pdf

HIGGS MECHANISM IN SMEFT

* Higgs mechanism as usual, but with extra terms

Ly =(Dy!) (DMI)+ p2 11 1)?

+|C_g(! 1)3 + ClHZ! () )+ C'Hf (I D) (! DM1)

I +

' o *subscript 0 indicates field before shift
J_% (V + Hg + il 8) of field to get canonical normalization

* Minimize potential (keeping only terms up to I/A?):

S. Dawson

g2 3u® Ge

= +
v ! 8152 2

*This is VWWarsaw basis



HIGGS MECHANISM IN SMEFT, #2

Higgs field is not canonically normalized:

1 V& ) 2v 5
Ly ! é ll 2|—CHD CHI ('uHo)
1 15v
+ = uz " 3"'v?+ ——-Cg Hg + Goldstones...
Canonical normallzatlon recovered: H = ZhHo
2
All Higgs interactions shifted Z, =1+ Y

2 2CHD ! ._CH!

Other possible purely scalar operators can be eliminated by
integration by parts, or by use of the equations of motion
(ok with dim-6 operators) or by field redefinitions

S. Dawson




SMEFT GAUGE SECTOR

* Shift fields so that gauge fields have canonical forms

* Find mass eigenstates as usual:

- . @! V2 V2
TrOT T e (gyziz e T g

* SM relationships among parameters altered (barred fields remind us of this)
_ . ! 2 S )
OHWB —' a! WS] BPl !V—ZCHWB :% S
=(! D*1)'(1 | Via o 9 .

S. Dawson



H—!!

* What do we learn from precision Higgs decays!?

* Some operators are constrained at tree level in vy [Chg, Chws Chwel

b1 LT D )smer
SN CINTI

* EFT confuses loop and tree

w ; i§E ) ! . expansion of SM
— w h{j}gi h<i£z * Consider effects of EFT
, ! f " operators in loops (since it
is a consistent field theory)

S. Dawson a



